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The death of Ernest Fox Nichols, on April 29, 1924, was an- 
nounced in this Journal in the issue of May 1924. With his death 
physics lost one of its foremost experimentalists; higher education 
one of its able administrators; this Journal one who served for many 
years as assistant editor and collaborator. 

In writing of Professor Burnham, Professor Barnard remarked, 
“No man perhaps ever worked with a more varied assortment of 
telescopes than he”’; and later, after citing them, “What a proud 
array of telescopes, which owe much of their reputation to this one 
man!” It might similarly be said of Professor Nichols that few 
men have worked in so many laboratories, touched so many insti- 
tutions, giving to each of them new distinction. 

Ernest Fox Nichols was born in Leavenworth, Kansas, at 707 
Delaware Street, son of Alonzo Curtis and Sophronia (Fox) Nichols, 
on June 1, 1869. His ancestry is of English-Scotch stock. On his 
father’s side the American branch, of which he was of the tenth 
generation, began with Francis Nichols, who came to America 
about 1637 and settled in Stratford, Connecticut. Through his 
IE mother he was of the eighth generation of descendants from Thomas 
: Fox, who arrived in America in 1640 and settled in Concord, Mas- 
sachusetts. 
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In the early days Leavenworth, as a river town, vied with Inde- 
pendence and St. Joseph, Missouri, in importance as a point of de- 
parture for pioneers outfitting and venturing westward. With the 
coming of the railroads, Omaha to the north and Kansas City, near 
Independence and Wyandotte, to the south, diverted traffic from 
Leavenworth and also from St. Joseph, which accordingly subsided 
into cities of less importance. Leavenworth maintained an active 
and rather brilliant social life, due largely to the influence of the 
important army post immediately to the north at Fort Leavenworth. 
It is not inspiring to live in a city on the wane, yet in such a town 
the lad Nichols spent his childhood and youth, in the house of his 
birth or the later home at 308 Pottawatomie Street. But in other 
ways Leavenworth was not without its inspiration. One of the 
great epics of America’s history had been staged there when it 
served as portal to the West; many of the streets of the city bear the 
names of Indian tribes, beautiful and poetic. On the bluffs oppo- 
site Fort Leavenworth can be pointed out certain earthworks built 
by early Spanish explorers who came north from Mexico (locally 
they are ascribed to Coronado); and then there is the great Missouri, 
rolling, boiling past. 

The mention of this great river brings to mind a scene near the 
Parliament building in London, overlooking the Thames. In the 
summer of 1919 a group of American army officers were being shown 
about and most generously enlightened by Mr. John Burns, a former 
member of Parliament and of the British cabinet. One officer re- 
marked rather flippantly, ‘‘So this is the Thames. Not much com- 
pared to the old Missouri.”” Mr. Burns, overhearing him, impres- 
sively replied, ““The Missouri is but flowing water, while this is liquid 
history.”” One can appreciate the force of his remark, but, as his- 
tory goes in America, it is certain that important chapters are linked 
with this “flowing water,”’ this great, swift, turbulent, muddy river. 
Of all this history the boy Ernest Nichols heard from the soldiers 
at the post, those sturdy, self-reliant officers and men to whom we 
owe so much in the winning of the West. 

I cannot leave the Missouri without relating another incident. 
There used to be a method of fishing in vogue at Leavenworth 
called “‘jugging.’’ Short fish-lines were attached to the handles of 
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empty, stoppered jugs which, set afloat, were followed down stream 
and collected at a point often several miles down the river. A 
bobbing jug, a disappearing or swiftly towed jug was the signal of a 
catch and for pursuit. Ernest’s father, who was an excellent oarsman 
and who spent his spare time on the river for the benefit of his health, 
took the child, at the age of little more than three, on such a fishing 
trip. In gathering in the floats ten miles below Leavenworth, where 
the current runs nearly ten miles an hour, one of the hooks caught 
in a snag in midstream. In an instant the boat was overturned. 
His father tossed him toward the snag, calling “Hold on.” Provi- 
dentially his father also was able to reach the snag. There, at two 
o’clock the next afternoon, twenty-four hours later, they were rescued 
by an old river-man who had been sent down to look for them on what 
he believed was a hopeless errand. 

The youth Nichols did not have the usual routine of school ex- 
perience, for he was rather delicate. He early did some work in 
distributing newspapers, following in his brother Arthur’s footsteps. 
This was both for out-of-doors exercise and to be earning something. 
After his mother’s death, on March 6, 1882, he employed himself 
regularly in such work. His father died on the fourth of August, 
1884. This event left the two boys—Arthur, nineteen years of age, 
and even then city editor of a Leavenworth newspaper, and Ernest, 
alone; and it brought the turning-point in the latter’s 
career. The household was broken up, and that fall Ernest went 
to Manhattan, Kansas, to the home of his uncle, General S. M. Fox, 
my father, and entered the Kansas State Agricultural College. 

It seems strange now, in these days of hard conventions in col- 
lege entrance requirements when colleges have become, at least in 
this regard, wholly impersonal, that a youth without a day of formal 
schooling could be admitted. His Aunt Esther, Mrs. S. M. Fox, 
writes about this: 





aged fifteen 


The peculiarities of his case appealed strongly to President Fairchild. Pub- 
lic school was out of the question. He was allowed to enter college on the sole 
condition that he make good. Mr. Fox assured the president that he would be 
able to do this, and the boy never failed in any subject. In many ways he was 
much better informed than most boys of his age: his mother was well educated, 
an excellent conversationalist, and his father was strong in chemistry and astron- 
omy and inclined to research. In other things a bright boy in the fourth grade 
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was ahead of him—such writing, such spelling. He told me when he came here 
that he had read only two books through in his life. But his mother had read 
to the boys a great deal of the best sort. Both of the boys spoke correct Eng- 
lish because they had never heard anything else. The scientific bent was from 
his father wholly. 

His father was a photographer, and a photographer of that day was 
something of a chemist and skilled in mechanical manipulation. 
My mother writes further: “In the first year I stood ready to help 
the boy every day. His eyes were not good and he was a slow 
reader at best—help was necessary. I think he never forgot any- 
thing—his mind and attention were not dulled by routine. 

He finished his four years (receiving the degree of Bachelor of Sci- 
ence) among the three or four strongest students.”’ In mentioning 
the inspiration and aid which he received from his aunt, the influ- 
ence of his uncle, a man of scholarly habits and strong literary abil- 
ity, should not be overlooked; nor the constant encouragement of 
his brother, with whom he maintained throughout his life a 
relationship of unusually close attachment. 

He stayed on at Manhattan for an additional year of work, 
acting as an assistant in chemistry. He also looked after the 
meteorological instruments and records. At this time, too, he and 
my mother kept a daily record of solar activity, mapping the posi- 
tions of sun-spots by projecting the solar image upon a screen. 
For this purpose they used a small telescope which had belonged to 
his father. These observations were my own introduction to astron- 
omy. At this time the youth was greatly attracted toward the medi- 
cal profession, especially surgery, but was deterred from following his 
inclination for fear that his strength was insufficient to withstand 
its demands. The way to physics seemed more practical; so in the 
fall of 1889 he went to Cornell with his classmate, Mr. F. J. Rogers, 
now professor of physics at Leland Stanford University. 

Professor Edward L. Nichols, to whom Ernest F. Nichols ac- 
knowledged so much influence and inspiration, writes of his work 
there: 

I turned Nichols’ attention to the study of radiation almost at once and we 
worked together more or less throughout the three years which he spent at 
Cornell. The immediate product was the paper, “A Study of Transmission 
Spectra of Certain Substances in the Infra-Red,” which was published on page 1, 
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volume 1, of the Physical Review; and the much more important result, which 
flowered out later in his work with Rubens at Berlin and with Hull at Dart- 
mouth. By his sweetness of character and his appreciation of the ethical, 
aesthetic, and artistic values of life, Nichols made a profound impression upon 
those with whom he associated in Ithaca, and to this day I am continually asked 
about him by those who remember those early days. 


He was Brooks Fellow at Cornell in 1891-1892 and taught some 
sections of beginning physics. At this time, also, he received the 
degree of Master of Science. 

In the fall of 1892 he went to Colgate University as professor of 
physics and astronomy. On June 16, 1894, he married Katharine 
Williams West, of Hamilton, New York, and almost immediately 
thereafter went to Germany for study in the University of Berlin. 
An account of the life of Mr. Nichols, to be a true picture, must 
mention the peculiar sympathy of his home life. Mrs. Nichols 
shared his life completely, supporting him in all of his tasks with 
sympathy, encouragement, and understanding. To this marriage 
was born one daughter, Esther Katharine, who through the years 
occupied a position of most charming intimacy with her father. 

From David Fairchild, of the United States Department of 
Agriculture, son of President Fairchild, I gain these interesting 
impressions of Mr. Nichols during their association of this student 
period: 

Ted (the name by which he was called in his family and by close friends of 
his youth) was my most intimate friend during the most impressionable part 
of my life. We were together in Manhattan in the same classes in college. I 
can see him now as he used to rise to answer a question put by the teacher, with 
his head at its characteristic angle. There was always a peculiar refinement 
about his manner, and he chose his words carefully. 

He took little part in the debating societies in college and was not engaged 
in any of the politics of the institution. He was then perhaps a trifle shy and 
was too busy making a wide acquaintance with the great authors to be inter- 
ested particularly in many of the boys around him. I think the class would all 
agree that Ted was about the most scholarly member in it. 

I remember spending occasional very happy days in his little lodgings at 
Ithaca, talking into the morning. ... . Ted loved good music and good poetry. 
I remember going with him to hear dear old Doctor Corson read Browning, and to 
dine with that great architect and lover of music and friend to us both, William 
Miller. I can see him sitting in great ecstasy listening to the pipe organ or the 
delicate tones of the harp which one of Mr. Miller’s daughters played with great 
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feeling. His love and acquaintance with great music expanded when he went 
to Germany. Many were the hours we spent together listening to Wagnerian 
operas. We had one winter together of strenuous intellectual activity. My 
laboratory work was in the Agricultural Institute and his in Rubens’ laboratory. 
On my way back from work I used to drop in and see him during those days 
when he was perfecting the radiometer. I had not thought of him as a techni- 
cian, but when I saw the patience with which he fussed over the tiny, thin strips 
of mica and the delicate quartz filaments, I realized how delicate was his touch 
and what unbounded patience he had. 


The interest in problems in radiation which Mr. Nichols had ac- 
quired at Cornell and carried on in his research work in the Physical 
Institute at the University of Berlin led directly to three important 
papers which later (in 1897) were presented to the faculty of Cornell 
University for the degree of Doctor of Science. They were: (1) “A 
Method for Energy Measurements in the Infra-Red Spectrum and 
the Properties of the Ordinary Rays in Quartz for Waves of Great 
Length,” originally read before the Berlin Academy on November 5, 
1896; (2) a joint paper by Heinrich Rubens and E. F. Nichols, 
“Heat Rays of Great Wave-Length”; and (3) of the same joint 
authorship, ‘Certain Optical and Electro-magnetic Properties of 
Heat Waves of Great Wave-Length.” Studies for the first two 
were made in the Physical Institute of the university, and for the 
third, in the physics laboratory of the Charlottenburg Polytechnic 
Institute. 

Of this work Professor Trowbridge, of Princeton, has said: 

Unlike the majority of foreign students in Berlin in those days, Nichols 
worked on a problem of his own devising. He appeared older and more ex- 
perienced than most of his fellow-students in the laboratory, though he was not 
yet twenty-seven years old. His assiduity and his patience in overcoming great 
experimental difficulties were amply rewarded by his producing a very fine 
piece of work. This first important research of his was the study of the optical 
properties of quartz in the infra-red region of the spectrum, and the results 
which he obtained led directly to the perfection of the so-called method of 
residual rays which has been used with conspicuous success by Rubens and his 
fellow-workers in investigating the extensive infra-red spectrum. Before he 
left Berlin at the end of his second year, Nichols had published important papers 
in collaboration with Rubens and he was regarded both in Europe and America 
as an experimental physicist of extraordinary ability.' 


Science, 59, 415, 1924. 
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He returned to Colgate from Berlin and spent one more year 
there before being called to Dartmouth College as professor of 
physics, in the fall of 1898. The cornerstone of Wilder Physical 
Laboratory at Dartmouth was laid in this year and the building was 
occupied in the fall of 1899. Dr. Nichols was responsible for many 
details of design, construction, and equipment of this laboratory, and 
for the organization of the new courses of instruction. 

At the time of its dedication in 1897 he visited the Yerkes 
Observatory, and this led to his measurements of stellar radia- 
tion. For the Berlin research Nichols had so improved the radiom- 
eter that it was the most sensitive instrument for the detection of 
radiation then available. In 1898 Professor Hale invited him to 
prepare a special radiometer and to use it for stellar observations 
with the best facilities which could be offered at the Yerkes Observa- 
tory. Professor Hale writes: 


At that time the facilities were very crude. An ancient heliostat, employed 
many years earlier by Langley for his measurements of lunar radiation, was 
borrowed from the Allegheny Observatory and mounted in our heliostat room. 
Its decrepit condition, especially under the undue load of a large plate-glass 
mirror required to fill the 24-inch paraboloidal mirror of our two-foot reflector, 
made the task of observation extremely difficult, but Nichols overcame all ob- 
stacles. With the extraordinary skill in manipulation which characterized all 
of his work, he had made a very delicate suspension system for the radiometer. 
When exposed to variable sky radiation this was very unsteady, but by 
adopting a differential method of observation he succeeded in getting small 
but definite deflections from Vega, Arcturus, Jupiter, and Saturn, which gave 
their respective thermal intensities as 1, 2.2, 4.7,and 0.74. With the apparatus 
employed, assuming no atmospheric absorption, the number of candles in a 
group at a distance of sixteen miles could be determined by a series of measure- 
ments. 

This investigation, the first to give us definite knowledge of stellar heat 
radiation, underlies the important recent work of Coblentz, Nicholson and 
Pettit, and Abbot. It influenced the design of the Mount Wilson 60-inch and 
100-inch reflectors by emphasizing the desirability of the coudé type of mount- 
ing, chosen also for high dispersion work on stellar spectra. Thanks to this 
arrangement, and to the greatly improved radiometer constructed by Nichols 
and Tear for his use, Abbot obtained last summer with the 100-inch telescope 
the very extraordinary results on stellar radiation and stellar energy spectra 
which have enabled him to derive the temperatures and diameters of several 
stars of various types. 
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This work was carried on during the summers of 1898 and 1900. 
The results appear in the Astrophysical Journal, 13, 101, 1901. In 
later years he visited the Mount Wilson Observatory, in 1906 and 
again during a period of convalescence in the winter of 1921-22. 
The result of the work of 1906 gave a paper,’ ““The Absence of Very 
Long Waves from the Sun’s Spectrum.” 

In the Wilder Laboratory, Professor Nichols, in collaboration 
with Professor Gordon F. Hull, conducted one of the most impor- 
tant pieces of research of his scientific career, which bore on the 
interesting question of light-pressure, suggested as a consequence 
of Maxwell’s theoretical work. Experimental work was begun in 
1899 and quantitative measures of this pressure were soon obtained. 
The first note on it appeared in the Astrophysical Journal, 15, 62, 
1902. ‘The full paper was presented before the American Academy 
of Arts and Sciences and published in their Proceedings, 38, 550, 
1903. At just this time Peter Lebedew, in Moscow, attacked the 
same problem by different methods and was also successful in estab- 
lishing experimentally, and quite independently, this radiation 
pressure. A note on Lebedew’s work appeared in the same number 
of the Astrophysical Journal, immediately preceding the note by 
Nichols and Hull cited above. This experimental demonstration of 
light-pressure is of great importance, for the principle established 
thereby has very wide application in both physics and astrophysics. 
Ultimately within the star is found a balance between radiation 
pressure and gravitational attraction, a phenomenon which is 
important in fixing both the masses and diameters of stars. 

From the Darimouth Alumni Magazine of June 1924 I make this 
abstract from a paper by Professor Gordon Ferrie Hull: 

The years 1899-1903 were strenuous and exhilarating years for the depart- 
ment of physics. New equipment was constantly being added, new courses 
were being offered and very exacting research was being carried on. Vacations, 
except for tramping trips in the mountains, were largely given up to research. 
In all of this work Dr. Nichols was the invigorating spirit. The successful 
completion of certain research work, notably that having to do with the detec- 


tion and measurement of the pressure of light, together with his breadth as a 
teacher, gave Dr. Nichols a prominent place in the educational world. Natu- 


* Contributions from the Mount Wilson Solar Observatory, No. 19, 1907; Astrophysical 
Journal, 26, 46, 1907. 
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rally he was wanted elsewhere, and in 1903 he was offered and he accepted a pro- 
fessorship of physics in Columbia University. Before he severed his connec- 
tion with Dartmouth, however, he was given the honorary degree of Doctor of 
Science in recognition of the significant service he had rendered to science and 
to Dartmouth. 


This degree was the first of a series of such honors conferred 
upon him. In further acknowledgment of his work he was elected 
vice-president of the American Association for the Advancement of 
Science in 1903, and later, in 1906, he became a member of the 
American Philosophical Society, Member of the National Academy 
in 1908, Fellow of the American Academy of Arts and Sciences in 
1913. He had received the Rumford Medal of the American 
Academy in 1905. 

After one year at Columbia he took a year’s leave of absence 
(1904-1905), which he spent abroad at Cambridge. In May 1905 
he accepted an invitation to lecture before the Royal Institu- 
tion on radiation pressure. Upon his return to Columbia, Nichols 
found his time rather largely taken up with teaching, with 
the direction of research of the graduate students, and with impor- 
tant departmental administrative matters. One problem devised 
at this time for investigating radiation and ionization of gas sub- 
jected suddenly to high pressure, in which a pressure-chamber was 
mounted on the end of a rifle barrel, still remains unfinished. It is 
hoped that this problem may be carried forward to completion by 
another. The apparatus at present is at Northwestern University. 

A lecture on physics delivered at Columbia University in the 
series on Science, Philosophy, and Art, as the opening lecture in 
the natural science group, October 23, 1907, reveals a fine example 
of popular exposition, one of the best brief summaries of physics of 
the time. 

When William Jewett Tucker resigned as president of Dart- 
mouth College, the choice for his successor fell on Dr. Nichols, 
who in June 1909 became the tenth president of that institution. 

The call of an investigator of proven ability to a position in 
which administrative duties absorb all of his energy may be justified 
for the purpose of leavening the whole institution to the need of 
research and quickening all of its members to productive scholar- 
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ship. Nevertheless, the withdrawal of President Nichols from the 
laboratory was the occasion of some very deep regret on the part 
of many of his co-workers in physics. 

From Professor Frost of the Yerkes Observatory, an alumnus of 
Dartmouth College, and largely responsible for Professor Nichols’ 
appointment as professor of physics there, I quote the following: 


I personally regretted his giving up research in physics to educational ad- 
ministration. The latter calls for qualities of ready speech and interpretation 
in a wide field of thought, and the training of a physicist is somewhat contra- 
dictory to the requirements of an educator; that is, he is supposed to speak only 
on topics wherein he has experimental evidence or well-established theory. It 
was greatly to the credit of Ernest Nichols that he succeeded so well as a college 
president, but it is not surprising that he was anxious to get back into the field 
of research for which he was so exceptionally fitted. 


His friend, David Fairchild, says: 


His quiet inquisitiveness and great patience and keen sense of the cosmos 
about him were so much greater than his social talents—great as these always 
were—that I shall never cease to regret that the Dartmouth Board of Regents 
lured him, a great investigator, away from the work he loved most and work 
that he should have been supported in doing. When a man does investigative 
work surpassingly well, why lure him away from this real passion of his life ? 
I cannot help feeling that my dear old friend and classmate was a victim of the 
mistaken idea that it is more important to have a good college president than a 
good research man. No matter if Ted was a good president, he was a real in- 
vestigator and there are ten good presidents—yes, twenty—to one really great 
investigator. 

Before leaving this phase of his life, I wish to quote from a letter 
from his successor as president, Ernest M. Hopkins: 


Peculiarly, I have an entirely different impression of him in each of the 
different relationships which I had with him, and his personality, as I think 
back upon it, now appears to me rather as a group of facets than as anything 
commonplace and unvarying. 

I remember as a student how his ability to teach impressed me, and I 
remember as well the perfection of preparation and the mastery of detail which 
made his experiments in class real illustrations. I have no memory of any one 
of these ever having failed in any detail, and we came to admire him as an artist, 
in this matter of the experiments which he used for illustration, as well as a 
scientist. 

Later in all of my social contacts with him through the years before he went 
to Columbia I found him agreeable in every way—a delightful conversationalist 
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with a background of general reading and appreciation of the arts supplementing 
his deep observation in all questions arising in the field of science. 

So far as Dartmouth is concerned I think that the College called upon him 
to take up the presidency in one of the most difficult periods of its history, for 
it required something more than usual administrative genius and executive 
skill to help the College to continue to progress, to say nothing of not retro- 
grading after the brilliancy and wide popular appeal of such an administration 
as President Tucker’s. The extent of the sacrifice which President Nichols 
made in laying scientific work aside for a time and the value of the contribution 
which he made to Dartmouth cannot be overestimated. Moreover, I think 
that the effort necessary upon his part was larger than any ordinary mortals 
can even guess. For in the last analysis his longing was for the laboratory and for 
scientific research rather than the office and the rough and ready manner of 
arriving at decisions necessary in administrative work. To most of us there is 
not the distress of mind and the violation of instinct in making a necessary 
decision with full knowledge that it may prove to be wrong that there is to the 
true scientist—and no one ever questioned that the spirit of Dr. Nichols was 
that of the true scientist. In company with the host of those who knew him, 
the knowledge of his work and his aspirations will be to me a most lucid 
definition of what constitutes the spirit of scientific research. 


Concerning President Nichols’ administration at Dartmouth, 
I quote further from Professor Hull’s article cited above: 


President Nichols’ administration was characterized by a high idealism for 
the scholarship of the College. Means were found for giving larger recognition 
to the best students. The closer association of faculty and students was urged 
and an organization to bring this about was set up. Productive scholarship 
was encouraged on the part of the faculty and notable professorial appoint- 
ments were made. On the other hand the business part of the administration 
was enlarged and separated from that of the educational executive. The Col- 
lege grew. It may be that increase in endowment and student numbers is due 
to the onward march of a number of forces which the president of a college 
can neither wholly arrest nor greatly accelerate. However, it is a matter of 
record that the number of students, the productive funds, and the value of the 
college plant were all substantially increased during President Nichols’ ad- 
ministration. 


Recognition of his service is inscribed in the records of the trus- 
tees in part as follows: 


In difficult processes of readjustment you (Dr. Nichols) have brought to 
bear a high order of administrative ability enriched with a large tolerance, an 
exhaustless patience, a noble dignity, and generosity. You brought to your 
task trained powers of analysis coupled with the loftiest ideals of scholarship. 
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You have thus built up in the College an educational and administrative organi- 
zation adequate and harmonious. 

He served Dartmouth as president for seven years. Through- 
out this period he cherished the hope that he might return to the 
laboratory. He resigned the presidency of Dartmouth in 1916 to 
fulfil that hope and accepted an appointment as professor of physics 
at Yale University. 

He was not, however, to have uninterrupted service here, for 
within the year America entered the war and Professor Nichols 
volunteered his services to the government through the National 
Research Council. He was engaged throughout the period of the 
war with the Navy Department, working on submarine defense and 
other problems connected with the Department of Naval Ordnance. 
Concerning the details of this work nothing is known outside of the 
Navy Department, but there is indication that it was of great im- 
portance. 

After the war he returned to Yale for a season, but in 1920 re- 
signed to accept the directorship of the division of pure science of the 
Nela Research Laboratory at Cleveland. Here he took up again 
his work on radiation problems, but in 1921 was called again to 
administrative duties as the president of the Massachusetts Insti- 
tute of Technology. One of the institute’s foremost alumni, Pro- 
fessor George E. Hale, makes this statement concerning the appoint- 
ment: 

When Nichols was elected President of the Massachusetts Institute of 
Technology I was beset with conflicting emotions. I had gladly seen him 
resume research at Yale after relinquishing the presidency of Dartmouth 
College because I felt that able investigators are less common than good execu- 
tives, and believed his greatest service could be done in the laboratory. Tech- 
nology, however, greatly needed a man who appreciated the importance of 
fundamental science, with the ability to restore it to the place in the scheme of 
the Institute originally intended by President Rogers. He told me of his plans 
and I saw their great possibilities. 

His inaugural address sounded a note of great importance for 
the ideals of engineering and scientific professions. It urged the 
responsibility of the engineer to society and the importance and 
need of crowding the work of research in pure science. ‘This 
address appeared in Science, 53, 523, 1921. 





nett deietiileadind cate ime acer 








oe 





ERNEST FOX NICHOLS 13 


Scarcely had he entered upon his new duties when he was pros- 
trated by the malady which finally proved fatal. Realizing that 
the problems of the Institute demanded one in full physical vigor 
and being assured that he could not, for months to come, drive 
himself to normal capacity, he begged the trustees in the following 
letter to accept his resignation: 


A sufficient time has now elapsed since the onset of a severe illness, which 
followed immediately upon my inauguration, to enable my physicians to esti- 
mate consequences. They assure me certain physical limitations, some of 
them probably permanent, have resulted. These, they agree, make it decidedly 
inadvisable for the Institute or for me that I should attempt to discharge the 
manifold duties of president. Indeed, they hold it would be especially unwise 
for me to assume the grave responsibilities, to attempt to withstand the in- 
evitable stresses and strains of office, or to take on that share in the open 
discussion of matters of public interest and concern inseparable from the 
broader activities of educational leadership. 

As my recuperation is still in progress I have contended earnestly with my 
doctors for a lighter judgment. I feel more than willing to take a personal 
risk, but they know better than I, and they stand firm in their conclusions. 

The success of the Institute is of such profound importance to our national 
welfare, to the advancement of science and the useful arts, that no insufficient or 
inadequate leadership is sufferable. Personal hopes and wishes must stand 
aside. 

It is therefore with deep personal regret, but with the conviction that it is 
best for all concerned, that I tender you my resignation of the presidency of the 
Institute and urge you to accept it without hesitation. 

To you who have shown me such staunch and generous friendship it is 
pleasant to add that in the judgment of my physicians the physical disqualifica- 
tions for the exigencies of educational administration are such as need not re- 
strict my activities in the simpler, untroubled, methodical life of scientific investi- 
gation to which I was bred. It is to the research laboratory, therefore, that I 
ask your leave to return. 


When this resignation had been accepted, he returned to Cleve- 
land with the new appointment, director of the Nela Research Labo- 
ratory. It is a fine commentary on his fixity of purpose and his 
courage that neither the distracting duties of administrative work 
nor impaired health left him hopeless to approach the problems of the 
new physics. He succeeded in inaugurating at Nela some impor- 
tant studies and resumed his earlier productivity. In fact, his last 
piece of work was perhaps one of the most important, at least in 
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some ways the most gratifying, of his whole career in that it served 
to bridge the gap between the short electric waves and the long 
heat waves and gave us the whole electro-magnetic gamut from the 
longest electric waves to the infinitesimal X-rays without break. 
The paper presenting this work, “Joining the Infra-Red and Electric 
Wave Spectra,”’ is printed in this number of this Journal. 

It was while presenting this paper, the joint work of Dr. J. D. 
Tear and himself, that his death occurred. Professor Trowbridge, 
in the article in Science mentioned above, has the following words: 


Surrounded by friends and associates and addressing, as one of the leaders 
in his own field of science, a distinguished audience of fellow scientists, Ernest 
Fox Nichols died suddenly on April 29 in the auditorium of the building of the 
National Academy of Sciences at Washington. 

Were it possible to be unmindful of the added shock and sorrow to his 
family which such sudden death brings, his friends could have wished for him 
no more fitting ending of his life, devoted as it was to the advancement of sci- 
entific knowledge, than to die in full mental vigor, in physical health as it 
seemed, and to the very last instant taking the part of a leader in his profession. 


Professor Nichols’ ideas of education and ideals for our colleges 
and universities and their relations to society were sound and pro- 
found. He knew that the college existed for the student: ‘Clever 
or dull, industrious or lazy, serious or trifling, he is the only apology 
the college has to offer for its life.”’ 

He wrote, “Spiritual interpretations embodied in the nobler 
forms of artistic expression, in music, in poetry, in art, must keep 
pace with intellectual progress. It was in a genius for adequate, 
free, artistic expression, it was in imagination, in poetry, in consum- 
mate art, and an exalted patriotism, that the classic civilizations 
were strong.”’ 

“The intellectual life within the college should be broader, 
stronger, freer than outside it.” 

“TI know no better measure of a man’s real education than the 
adequacy of his thought and action in whatever situations he may 
find himself, for adequacy of thought and action imply some hold on 
world-experience. Our daily use of the phrase ‘common sense’ has 
no other meaning.”’ 


For the teacher he had lofty demands. “Scholarship breeds 
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scholarship.”’ ‘The man in whose mind truth has become formal 
and passive ought not to teach. Youth needs to see knowledge in 
action.”” “The driving power of intellect is enthusiasm. There is 
no lack of it in that passionate devotion to research which so pains- 
takingly and properly excludes all warmth from its calm statement 
of results.” 

Though not a strong athlete at any time in his life, he favored 
athletics: ““The severest test of a gentleman is his ability to take 
victory or defeat with equal good will and courtesy toward his 
opponent.” His exercise in early days was in rowing, swimming, 
and tennis; in later years, in tramping. I recall one severe test of 
his fiber when in September 1902 he lay near the summit of Mount 
Washington with two companions, unsheltered through a night of 
rain and snow. He came through smiling and even when, starting 
on through the blizzard in the first gray of the morning, he came 
to a monument marking the spot where an unfortunate climber had 
been frozen to death on the fourth of July two years previous, he 
held cheerily and encouragingly forward. 

Able though he was as an administrator, and effective as a 
teacher, it was as an investigator that he attained his greatest 
eminence. He was gifted with that rare quality, scientific imagina- 
tion, and with an intuitive sense of promising methods of approach 
to the solution of a problem. Various estimates of these qualities 
have already been quoted, and I add only the words of Professor 
Frost: “Ernest Nichols always impressed me as having a tempera- 
ment just suited for a man engaged in scientific research. He was 
remarkably skilful as a manipulator of scientific apparatus; he went 
about his work calmly, unhurried; but his experiments proceeded 
rapidly. It was a pleasure to see him produce quartz fibers when 
making his radiometer more than twenty-five years ago. He had a 
genius for seeing what problems needed to be worked out, and he 
approached them simply and effectively’’; and of Professor Hale, 
“His constructive imagination, large conceptions of research possi- 
bilities, extreme skill in manipulation, and endless patience in the 
tedious task of overcoming obstacles will inspire and fortify those 
who follow the new paths he has opened.” 

It is surprising to one who has known him from his early youth 
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and knew his extreme diffidence that so many penetrated behind 
this and found the true man—his love of poetry, music, and other 
forms of artistic expression; his whimsical sense of humor; and those 
scores of other traits which go to make a most agreeable companion. 

It could be said of him, as he said of his friend and colleague, 
Richard Cockburn Maclaurin, “Himself he took wholly for granted. 
I do not believe it ever occurred to him that his own personal affairs 
could possibly be of interest to anybody else. His reserve was 
absolutely natural, not worn as a defense.’”’ Yet many did pene- 
trate the reserve, as is attested by the quotations given above. 
From Trowbridge we have this last tribute: “His modesty with 
regard to his own place in American science was so great that one 
wishes he might have known what was to happen at his death: that 
the most distinguished gathering of his fellow-scientists of America 
were to stand uncovered, bowed and sorrowful, at the tragic loss of an 
honored colleague as his dead body was borne through their ranks.”’ 
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JOINING THE INFRA-RED AND ELECTRIC-WAVE 
SPECTRA’ 


By E. F. NICHOLS anp J. D. TEAR 
ABSTRACT 


Extension of the short electric-wave spectrum to the wave-length of 0.22 mm.—Improved 
methods of producing and measuring short electric waves are briefly described. The 
source is a modified Hertzian oscillator consisting of a doublet of small tungsten 
cylinders sealed into the ends of glass tubes. The receiver is an adaptation of the 
Nichols radiometer. The receiving elements which are either fine platinum wires or 
thin platinum films on mica are warmed by the incident radiation, and the temperature 
rise is measured by means of the radiometer effect. Deflections so obtained are pro- 
portional to the intensity of the incident radiation. Wave-length measurements are 
made with an interferometer of the Fabry and Perot type, with the Boltzmann mirrors, 
and with a reflecting echelon. 

Fundamental wave-lengths of small Hertzian oscillators are found to be approximately 
4.5 times the total length of the doublet. The cylindrical electrodes of the smallest 
oscillator used are each 0.1 mm long and o.1 mm in diameter, and the corresponding 
measured wave-length is 0.9 mm. 

Harmonic overtones —Under certain conditions of excitation one harmonic over- 
tone is accentuated and the fundamental is suppressed. Wave-lengths so observed 
extend too.22mm. By making the receiving elements of the proper length for electri- 
cal resonance with a given wave-length the receiver may be made selective, permitting 
more complete isolation of observed harmonic overtones. Selective receivers of this 
type are used for wave-lengths as short as 0.4 mm. 

Extension of the mercury-arc spectrum to the wave-length of 0.42 mm.—The radiation 
from the quartz mercury arc, when filtered through 2 mm of fused quartz and two 
sheets of black photographic wrapping paper, resembles closely that obtained by 
earlier investigators using the mercury arc and the method of focal isolation. When, 
however, the radiation is sent through 8 mm of fused quartz and four sheets of black 
paper, the components of short wave-length are greatly reduced in amplitude and a 
wave-length near o.42 mm predominates. 

Molecular rotation spectrum of mercury vapor —The mercury-arc interference curves 
indicate the presence of wave-lengths near 228, 294, 412, and possibly 685 uw, values 
predicted by the quantum theory, the moment of inertia of the source being assumed as 
5.7X10—4°, This is in accord with the evidence recently accumulated by various 
investigators who have attributed the band spectrum of mercury vapor to the presence 
of a mercury hydride. Other considerations give 5.7 10—4° as a probable value for 
the moment of inertia of the molecule HgH. 


A preliminary report of recent progress in the work begun in 
the autumn of 1919 at the Sloane Physics Laboratory with the 
object of extending the electromagnetic spectra from the electric- 
wave side, and later continued at the Nela Research Laboratory, 
was presented to the American Physical Society at the Boston 

' This paper was being orally presented by Professor Ernest Fox Nichols at the 


meeting of the National Academy of Sciences on April 29, 1924, when his death occurred 
on the platform of the auditorium. It has been prepared for publication by Dr. Tear. 
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meeting in December 1922.’ Publication of results there reported 
has been deferred pending further development of the selective 
electric-wave receiver which has made possible at least a partial 
isolation of harmonic overtones of the Hertzian oscillator. As 
detailed descriptions of the experimental methods and the instru- 
ments developed for carrying on the investigation were given in an 
earlier publication,’ they need be included here only in brief outline. 

The object of this paper is to report the present status of the 
work of joining the infra-red and electric-wave regions of the 
spectrum, and to discuss briefly some of the typical interference 
data obtained in the extension of these regions. 


METHODS OF PRODUCTION AND MEASUREMENT 
OF SHORT ELECTRIC WAVES 


The modified form of Hertzian oscillator used consists of a 
doublet of minute cylindrical tungsten electrodes sealed into ends 
of glass tubes. In the schematic 
diagram shown in Figure 1 the parts 
are necessarily very much out of pro- 
portion. High-potential leads from 
an induction coil extend into the 
open ends of the glass tubes to within 
approximately 2mm of the tungsten 
cylinders. Delicate micrometer ad- 
justments are provided for control- 

Fic. r.—Schematic diagram of ling the length of the central spark 
short electric-wave generator. gap which is immersed in kerosene 

oil and which for the smallest oscil- 
lator is but a few thousandths of a millimeter long. 

A spherical concave gold mirror with its center of curvature 
coinciding with the position of the oscillator is built into the rear 
of the case. The radiation emerges through a crystal quartz window 
in the front of the case, is converged into a parallel beam by a 
paraffin lens, traverses the interference apparatus, and is finally 
brought to a focus by a second lens upon the vanes of the receiver. 





























* Physical Review, 21, 378, 1923. 
2 Nichols and Tear, ibid., p. 587, 1923. 
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It is largely due to the development of the electric-wave radi- 
ometer along lines suggested by the experiments of A. W. Hull! 
and H. W. Webb? that measurement of the radiation from such 
small oscillators i: possible. In Figure 2 is shown the type of 
radiometer system . nally adopted. The receiving elements E 
are linear resonators of inigh electrical resistance, and usually have 
consisted of platinum films deposited upon mica or 
of 1 w platinum wires. Thin mica shields are fas- 
tened with fused shellac to the opposite sides of 
the cross-arms immediately behind the receiving 
elements. The vertical rod and the cross-arms are D M 
of o.02-mm quartz rod. In use, the system is sus- 
pended by a quartz fiber in a double-walled brass ' 
case, previously described, which is evacuated to | 
approximately 0.05 mm of mercury. 

The two sets of receiving elements are so E 
oriented with respect to the rotation axis that when 
they are warmed by the absorbed radiation, their 
Crooke’s radiometer effects add to produce a rota- 
tion in the direction indicated by the arrow. The Ba otha 
amount of rotation, which has been shown to be ee i. 
proportional to the incident radiant energy,‘ is  ometer. 
measured by means of the scale reading mirror, M. 

For convenience in future reference, significant data regarding 
the receiving elements of the radiometers used have been tabulated 
in Table I. 
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TABLE I 
DIMENSIONS AND CHARACTERISTICS OF THE RECEIVERS USED 
. Baee : Fundamental | Other Favored 
Receiver os ws Dimensions of Elements, mm_ | Response Wave- Wave- 
" Length, mm Lengths, mm 
ERR 5 I.5X0.O1 3.2 1.6 
(platinum on quartz fiber) 
Diesirenseaas 3 0.5X0.15 Ree Sheree err 
Bh iad Saat 9.5X0o 9.5X0.3 22.0 II, t.7,0.33 
aia iStoue ake. 4 aren § Xo.t§ 5.OX0.15 II.0 2.7 
Matin sacoataconses 4 0.8Xo.1 1.6 0.4 
_ ee 4 0.3.2 ith) | Becetasa oases 

















t Science, 16, 175, 1902. 


2 Physical Review, 30, 192, 


3 J. D. Tear, ibid., 23, 641, 1924. 


IgI0. 4 Nichols and Tear, ibid., 21, 595, 1923. 
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Three types of interference apparatus were used—the Boltzmann 
mirrors, a Fabry and Perot interferometer equipped with quartz 
plates, and a reflecting echelon. 

The Boltzmann mirrors have the advantage of simplicity and 
of economy of energy, and are particularly useful for longer wave- 
lengths where the optical requirements are not very severe. In the 
form of instrument used (Fig. 3), a parallel beam is reflected from 
the mirrors at nearly normal incidence and then brought to a focus 





Fic. 3.—Boltzmann mirror interferometer 


upon the receiver. Micrometer adjustments are provided by 
means of which the mirrors may be made accurately parallel and 
the height of the beam so adjusted that one-half of the radiation 
striking the receiver comes from each mirror. 

In the ideal case, as one of the mirrors is moved forward or 
backward, the response of the receiver varies between a maximum 
and zero. This condition is very nearly realized when oscillator 
and receiver are in electrical resonance. In the absence of reso- 
nance, however, the form of the interference curve so obtained is 
very complex and can usually be analyzed into several components 
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corresponding to fundamental and harmonic frequencies of both 
oscillator and receiver. 

Because it lends itself to finer adjustment and a greater degree 
of optical perfection, the Fabry and Perot type of interferometer 
was used for measuring the shortest wave-lengths. ‘The two quartz 
plates were 4 cm in diameter and 3 mm thick, and were mounted as 
described by Rubens and Hollnagel.! Interference curves obtained 
with this instrument resemble those secured with the Boltzmann 





Fic. 4.—Reflecting echelon 


mirrors, except that for homogeneous radiation the maxima are 
sharper and the theoretical difference in height of maxima and 
minima is but 40 per cent of the height of the maxima. 

The reflecting echelon, Figure 4, consisted of a pile of ten 
carefully machined brass blocks (5 X1oX1 cm) bearing against 
an inclined strip of plate glass. The inclination of the glass plate 
and with it the tread of the steps, or the grating space, could be 
varied by means of the micrometer screw shown in the figure. A 
beam of parallel rays is reflected from the front face of the echelon 


* Philosophical Magazine, 19, 764, 1910. 
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and brought to a focus upon the receiver. The grating space is 
then varied by changing the inclination of the glass plate, and a 
series of sharp maxima occur as the difference in optical path for 
rays reflected from successive steps becomes equal to an integral 
number of wave-lengths. Because of the increased revolving- 
power gained by dividing the beam into ten parts, the interference 
curves are comparatively uninfluenced by the characteristics of the 
receiver, and are consequently much easier to interpret than those 
obtained with the Boltzmann mirrors or the Fabry and Perot 
interferometer. 
PROCEDURE 


The arrangement of apparatus was that shown in Figure 5. 
The plano-convex lenses are of paraffin, 5 cm in diameter and 7 cm 
focal length. Either the eche- 
lon or the Bolzmann interfer- 
ometer is placed at M, or when 
the Fabry and Perot interfer- 
ometer is to be used it is placed 
at J and a plane mirror substi- 
tuted at M for the other instru- 
ment. A small fraction of the 
energy emitted by the oscil- 
lator, O, is reflected from the thin ebonite screen, e, into a check 
receiver R,, and the remainder after reflection at M is brought 
to a focus upon the main receiver R;. An automatic switch in 
the primary circuit of the induction coil enables the oscillator to be 
operated for a predetermined time interval, usually 0.2 or 0.5 
second. For each excitation of the oscillator the deflections of 
both main and check receivers are recorded. The ratio of these 
deflections gives a quantity free from any error due to variable 
emission of the oscillator. ‘The material and thickness of the screen 
are so chosen that at the beginning of a series of measurements 
the deflections of R: and R, shall be approximately equal. In the 
interference curves here shown, reduced ratios of these deflections 
are plotted as ordinates, and differences in the optical paths of two 
interfering rays, as abscissae. 


a 


Fic. 5.—Arrangement of apparatus for 
wave-length measurements. 





THE INFRA-RED AND ELECTRIC-WAVE SPECTRA 23 


FUNDAMENTAL WAVE-LENGTHS OF SMALL OSCILLATORS 


Poincaré' and M. Abraham? in computing the fundamental 
wave-length of a linear oscillator in air arrived at values for the 
ratio of length of wave to length of oscillator approximately equal 
to 2. Macdonald’s’ theory, on the other hand, gave for this ratio 
the value 2.5. The various experimental determinations that have 
been made gave values which lie between these two extremes. 
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Fic. 6.—Grating curves obtained with reflecting echelon 








When, however, the width of the oscillator is comparable to its 
length and when the refractive index of the surrounding medium is 
greater than one, the fundamental wave-length is correspondingly 
increased and for the oscillators here described was found to vary 
from 4.5 to 4.7 times the length of the oscillator, according to the 
length of the glass-tungsten seal. 

The four curves shown in Figure 6, which were obtained by 
varying the grating space of the reflecting echelon, illustrate the 

* Les Oscillations electriques. 

2 Wied. Ann., 66, 435, 1898. 3 Electric Waves. 
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measurement of fundamental wave-lengths of such oscillators. 
In Figure 6A the oscillator and receiver were very nearly in reso- 
nance, their fundamental wave-lengths being, respectively, 3.2 
and 3.0 mm. The presence of frequencies characteristic of the 
receiver is clearly evident from the curve, though the high maxima 
correspond to the oscillator wave-length. The same oscillator 
was used with a different receiver (Fig. 6B). Though the receiver 
fundamental, o.9 mm, is also in evidence here, the measured value 
of the oscillator wave-length agrees with that obtained from curve A. 
Thus, when an oscillator was used with the echelon and two receivers 
of different wave-lengths, the measured oscillator wave-length was 
found to be not greatly influenced by the receiver’s characteristics. 
The greater sensitivity of the “non-selective” receiver 3, Table 
I, was utilized in obtaining curves C and D, for which smaller 
oscillators were used. The dimensions of the oscillator of curve 
C were o.2Xo0.4 mm, and the measured wave-length 1.8 mm; 
those of the oscillator of curve D were 0.1 Xo0.2 mm, and the 
measured wave-length o.gmm. ‘The receiver elements were of thin 
platinum fibers plated upon mica, and were of such a length that 
their fundamental wave-lengths were some twenty times that of 
the oscillator. Because of their high resistance their fundamental 
mode of vibration was very nearly though not completely suppressed. 
Thus in the interference curves we find maxima due to the oscillator 
superimposed upon a slope characteristic of the receiver. 


TABLE II 
WAVE-LENGTH MEASUREMENTS OBTAINED FROM FIGURE 1 

















| 
; | as Dimensions of nee 
Curve Receiver Oicilator d Observed N/1 
Re ee te I 0.2X0.65 3 4.6 
eee 2 0.2X0.65 3 4.6 
AS rt 3 0.2X0.4 1.8 4.5 
QD... 4 0.1X0.2 0.9 4.5 











Measurements of wave-length obtained from the curves in 
Figure 6 and data concerning the oscillators and receivers used are 
collected in Table II, in the last column of which has been included 
the ratios of the observed wave-length to the oscillator length. 
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Within this range and for this particular type of oscillator, the 
ratio of the wave-length to the oscillator length is sufficiently 
constant to justify an approximate prediction of fundamental 
wave-length from the oscillator’s dimensions. 


HARMONIC OVERTONES 


Not infrequently interference curves taken with Herzian 
oscillators indicate the presence of wave-lengths very much smaller 
than the fundamental wave-length of the oscillator. ‘Thus Mobius" 
observed serrations upon curves taken with an oscillator of 7-mm 
wave-length which corresponded to wave-lengths of a few tenths of 
a millimeter. As the latter wave-lengths were of the order of 
one-seventieth of the fundamental, it seems unlikely that they can 
be ascribed to harmonic overtones. It is not inconceivable, how- 
ever, that such radiation should arise from ‘“‘teeth”’ on worn edges 
of the oscillator electrodes, as the serrations upon the curves 
usually appear when the oscillator has been long in use. 

Evidence of electric wave-radiation of less than 1 mm has also 
been obtained recently by M. Lewitsky,? who has studied the total 
radiation emitted by small spheres in a spark discharge, and by 
Arkadiew,3 who has generated electric waves by passing a discharge 
through a paste of metal filings. 

There is a second class of overtones which are undoubtedly 
harmonics emitted along with the fundamental. Such harmonics, 
according to the theoretical investigation of a similar type of oscilla- 
tor by Sir J. J. Thomson,‘ should be more sustained than the funda- 
mental, and consequently better able to take part in interference 
phenomena. In the case of the Hertzian oscillator, the short 
cylindrical electrodes which are imbedded approximately for one-half 
their length in glass which has a refractive index for radiation of 
this wave-length of approximately 2.5, the chance location of the 
glass-oil boundary surface, and the central spark gap by which 
the oscillator is operated combine to accentuate certain of the 


* Annalen der Physik, 62, 293, 1920. 
2 Physikalische Zietschrift, 25, 107, 1924. 
5 Nature, 113, 640, 1924. 


4 Notes on Recent Researches in Electricity and Magnetism. 
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harmonics and to suppress others. The fact that glass still shows 
a considerable absorption for wave-lengths of the order of 1mm 
may also enter in determining the relative amplitudes of different 
systems of standing waves which can exist upon such an oscillator. 
There is also the consideration that should such a system divide 
itself electrically into an even number of segments, the radiation 
from successive segments would interfere destructively, and thus 
the radiometer would respond only to those harmonic overtones 
which are odd integral fractions of the fundamental wave-length. 

In practice, as the dimensions of the oscillator decrease, the 
overtones become more often accentuated, and it is not unusual for 
an interference curve to show only the second or fourth overtone 
superimposed upon a curve characteristic of the receiver. Instances 
in which the second or fourth overtones of the oscillator were in 
resonance with some harmonic of the receiver were cited in an 
earlier publication,’ and further examples are to be given in this 
paper. 

Studies of the radiation from small oscillators with the Boltz- 
mann mirrors and so-called non-selective receivers are shown in 
curves A, B, and C, Figure 7. The receiving elements of the radi- 
ometers used consisted of platinum films on mica, and were of such 
high resistance that the wave-lengths of the fundamental response, 
which were very long compared with the wave-lengths to be 
measured, were almost completely suppressed, although maxima 
corresponding to higher harmonic frequencies of the receiver invari- 
ably appear in interference curves. The response of such a receiver 
to an infinitely thin electromagnetic pulse reflected from the Boltz- 
mann mirrors would resemble the dotted lines drawn through A 
and B, Figure 7. 

If we superimpose a smooth curve of this type upon A, Figure 7, 
and subtract the ordinates from those observed, the result will be 
curve A’. In this case the overall dimensions of the oscillator 
were 0.1 X0.22 mm, giving a fundamental wave-length of approxi- 
mately 2mm. Hence the observed maxima (curve A’), which came 
at intervals of 0.7 mm, correspond to the oscillator’s second harmonic 
overtone. 


* Nichols and Tear, Physical Review, 21, 603, 1923. 
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Curves B and C taken with another receiver show the effect of 
changing the length of the oscillator from 0.2 to 0.24 mm. Curve 
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Fic. 7.—Interference curves showing harmonic overtones. A, B, and C obtained 
with Boltzmann mirrors. D, E, F, G, H, and I obtained with Fabry and Perot inter- 
ferometer. 
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B’, which was obtained from B by subtracting the ordinates of 
the smooth dotted curve, resembles closely the sum of two curves of 
relative wave-lengths 5 and 6, here 0.28 and 0.33 mm, respectively. 
In C, however, there is but the one component of short wave-length 
0.33 mm, though the fundamental, 1 mm, is not completely sup- 
pressed. Thus B and C indicate that there is a selective response 
of this receiver to the wave-length 0.33; that in B the dominant 
wave-length was the second harmonic overtone of the oscillator 
and equal to 0.28 mm; and that in C, with a somewhat larger 
oscillator, the dominant wave-length, also the second overtone, was 
0.33 mm, which in this case was favored by the selective response 
of the receiver. 

The same receiver was used for curves D and £, though with the 
Fabry and Perot interferometer and a larger oscillator, the electrodes 
of which were 0.20.2 mm, and were buried for about two-thirds 
of their length in the glass seal. When carried much farther than 
shown in the figure, D indicates a low maximum corresponding to 
the fundamental wave-length 2.1mm. ‘The dominant wave-length 
observed is 0.27 mm. Curve E was taken with the same receiver 
and oscillator, but after the electrodes had been considerably 
shortened by continued use. ‘The observed wave-length is corre- 
spondingly shortened to 0.22 mm. ‘The variations of the height 
of the maximum in these two curves is consistent with the previous 
assumption of a selective response frequency of the receiver to the 
wave-length 0.33 mm. 

An instance in which the second overtone of the oscillator was 
approximately in tune with the third overtone of the receiver is 
shown in curve F, Figure 7. The receiving elements used were 
0.1 Xo.8 mm, possessing a fundamental wave-length of 1.6 mm, and 
the fundamental of the oscillator was 1.2 mm. The observed 
wave-length o.4 mm is one-third the oscillator fundamental and 
one-fourth that of the receiver. G and H are repetitions of F with 
the same oscillator and receiver. 


ELECTRIC RESONANCE FOR 0.4 MM WAVE-LENGTH 


The receiving elements of receiver 6 consisted of two strips of 
mica 4X0.2Xo.or1 mm, which had been regionally plated with 
platinum by the process of cathodic sputtering through a wire grid. 
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The platinum-wire cathode was placed parallel to and about 
2 cm from the wires of the grid, which were 0.1 mm in diameter and 
separated by spaces of 0.23 mm. As the mica strips were pressed 
against the grid on the side opposite the cathode while being sput- 
tered, the plated regions should have been approximately 0.23 mm 
long and insulated from each other by 0.1 mm of bare mica. There 
was evidently some “shading off’’ at the boundaries of the plated 
regions, for the observed fundamental wave-length of the elements 
was 0.4 mm, somewhat less than would be the case were the full 
length, o.23 mm, conducting. 

A number of interference curves were taken with this receiver 
with small oscillators of different dimensions. The curves all show 
the o.4 mm component, though with varying degrees of resonance. 
One of these oscillators, the dimensions of which were 0.1 Xo.3 mm, 
possessed a fundamental wave-length of 1.2 mm and an accentuated 
overtone, 0.4 mm. ‘Thus, in the interference curve so obtained, 
shown at J, Figure 7, we have an instance in which the receiver is 
in electric resonance with an accentuated overtone of 0.4 mm 
wave-length. 

Though the resonance here is well marked, the steep slope of 
the curve indicates that the isolation of the 0.4 mm component is 
not as complete as may be desired, and further effort should be 
made to increase the selectivity of the receiver. Greater selectivity 
may be obtained by making the receiver elements narrower in 
proportion to their length and by improving the insulations between 
the separate elements. More complete insulation has been obtained 
by cutting platinized mica strips to the proper length and then 
cementing them to a second mica strip or a quartz fiber. A few 
receivers have been made successfully in this manner, though they 
have not been carried to the shortest wave-lengths. 


EXPERIMENTS WITH THE QUARTZ MERCURY ARC 
The success of the radiometric receiver in measuring 300 u 
radiation from small Hertzian oscillators suggested the possibility 
of re-exploring the long-wave spectrum of the quartz mercury arc. 
In 1911 Rubens and von Baeyer,' using the method of focal iso- 
lation of Rubens and Wood, investigated a number of sources for 


t Philosophical Magazine, 21, 689, 1911; Sits. preuss. Akad. Wiss., p. 666, 1911. 
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radiation of wave-length greater than 108 y, the effective long-wave 
emission limit of the Welsbach mantle. Of the various sources 
tried, the quartz mercury arc proved the most promising, the long- 
wave emission of which, when passed through a filter of cardboard 
and the focal isolation lens system and focused upon a radiomi- 
crometer, gave relatively large and constant deflections. 

The effective wave-length of this radiation was determined 
approximately by measuring the transmissions of a number of 
substances of known properties, and finally more quantitative 
wave-length measurements were made with the interferometer 
previously used by Rubens and Hollnagel.' 

From their final interference curve, reproduced in Figure 9A, 
they deduced the presence of two components of wave-lengths 

218 and 348 uw, respectively. 











5 Later Rubens’ carried the 
ee eee grating spectrum of the mer- 

Alia ---- — ~ ail cury arc to 400 u and con- 
PQ P x : cluded from the grating data 

P — that the two long wave- 

Fic. 8.—Arrangement of apparatus for ex- lengths were 210 and 324 yu. 
periments with quartz mercury arc. The arrangement of ap- 


paratus used in the present 
investigation is shown in Figure 8. The rays from the mercury arc, 
A, pass through the 1.7-cm aperture in the water-cooled diaphragm, 
D, then in succession through screens of o.11-mm black photographic 
wrapping paper, P, a plate of amorphous quartz, Q, and the inter- 
ferometer, 7, and are converged by the concave spherical gold 
mirror upon the radiometer vanes. A wooden box provided with 
the necessary windows is built about the radiometer as a protection 
against air currents and stray radiation, and the crystal quartz win- 
dow, W’,, is covered with a layer of black paper as a further protection 
against stray light. ‘There is a shutter at S, operated by a clock, 
permitting exposures to be made for predetermined time intervals. 
The interferometer consisted of two 3-mm quartz plates, mounted 
as described by Rubens and Hollnagel. ‘The two opposed surfaces 

* Philosophical Magazine, 19, 764, 1910. 


2 Sits. preuss. Akad. Wiss., 1, 8-27, 1921. 
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were accurately plane, and were adjusted to parallelism by observing 
the interference pattern formed by either reflected or transmitted 
sodium light. 

In the initial experiment the radiation from the arc was filtered 
through a plate of fused quartz 2 mm thick and two thicknesses of 
black paper, one near the source and the other near the receiver. 
The interference curve obtained is shown in Figure 9B. ‘The agree- 
ment between this curve and that obtained by Rubens and von 
Baeyer (Fig. 9A), using a different method of isolation, is remarkably 
close, indicating that the character of the radiation isolated by the 
filters used does not differ markedly from that isolated by the quartz- 
lens method. As neither curve A nor curve B can be reproduced 
even approximately by substituting the two wave-lengths given by 
Rubens, in the Airy formula’ for the transmission of an interferom- 
eter of this type, there is evidence of the presence of wave-lengths 
other than those considered. 

In order to isolate further the long-wave components, the number 
of thicknesses of black paper was increased to four, and an 8-mm 
plate of fused quartz substituted for the thinner plate. The 
interference curve, C, Figure 9, obtained under these conditions 
shows a sharp maximum at 420 4. Upon comparing the relative 
heights of the maxima which occur at approximately 230, 300, and 
420 uw in curves B and C, it is evident that introduction of screens 
which favor the longer wave-lengths has resulted in a marked 
lowering of the 230 and 300 w maxima and an increase in the height 
of the maxima at 420 u. ‘The latter maximum, therefore, cannot 
be due to the overlapping of maxima of the 233 and 300m com- 
ponents, but must be due to radiation of approximately 4204 
wave-length. 

Rubens and von Baeyer, in considering the possible origin of 
the long-wave radiation which they observed, computed the rotation 
frequency of two oppositely charged mercury atoms revolving as a 
double star, assuming the frequency to be such as to keep the atoms 
at a distance comparable to the atomic spacing in solid or liquid 
mercury. For two singly charged atoms they obtained a value 


I (1—R)? 
°(1—R)?+4R sin? (275/d) 


1J= 
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corresponding to the wave-length 2964. When one atom was 
assumed to carry a double positive charge and the other a single 
negative charge, the corresponding wave-length proved to be 209 yu. 
Both values are good approximations to observed wave-lengths. 

Although the wave-lengths present in this region are but roughly 
known, it is of interest to compare them with the values predicted 
by the quantum theory as applied to molecular rotation spectra. 
Schwarzschild’ assumes the rotational energy of a molecule in a 
stationary state, U,, to be given by 


U,=nhu/2, 


in which / is Planck’s constant, w the frequency of rotation, and 
mn an integer. Expressing ~ in terms of the moment of inertia of 
the molecule J, this equation becomes 


>, oF 
nae 82] ° 
Application of Bohr’s equivalence hypothesis gives 


_ a= r 
hv=U, Us= 5, ae 8S 


If the moment of inertia of the molecule differs but little in the two 
states m: and n,, so that J; may be equated to J,, and if only those 
changes occur in which n,=n,+1, the frequency due to molecular 
rotation alone becomes? 


y= go(ane+1) or y= pd) (em, f, 2, 3, .5+0)s 
From Heurlinger’s’ results Eucken‘ finds for the moment of 
inertia of the source of the five mercury bands 4219, 4214, 4017, 
4012, 4011 A, three values lying between 3.5 and gX107*°. A fair 
agreement between computed and the recently observed long wave- 
lengths may be obtained by giving J an intermediate value, 
* Berlin Akad. Ber., p. 548, 1916. 
2 A. Eucken, Jahrbuch der Radioaktivitaét und Elektronik, 16, 406, 1919-1920. 
3 Heurlinger, Physikalische Zeitschrift, 20, 188, 1919. 
4 Jahrbuch der Radioaktivitat und Elektronik, 16, 395, 1919-1920. 
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5.7X10~*°. The wave-lengths thus computed for successive values 
of m, from 1 to 5, are 685, 412, 294, 228, and 187 yw. These have been 
indicated on curve C, Figure 9, by heavy vertical lines. The lighter 
vertical lines show the expected positions of the second or third 
maxima of the components of shorter wave-length. There is 
evidence from the curves of the presence of wave-lengths near the 
predicted values 228, 294, 412, and possibly 685 wu. Shorter wave- 
lengths have been almost completely removed by the screens. 

It has been suggested that the band spectra attributed to 
elements the molecules of which are monatomic, such as copper, 
mercury, and others, may be due to the presence of hydrides. 
This opinion has been upheld by Kratzer’ in a recent study of the 
fine structure of the band spectra of mercury, cadmium, and zinc, 
and by K. T. Compton and L. A. Turner,’ who find the mercury 
band spectrum to appear in a hot cathode Geissler discharge only 
when hydrogen is present with the mercury vapor. The experi- 
ments of Langmuir’ with dissociated hydrogen, in which hydrogen, 
activated by contact with an incandescent filament, combined with 
substances toward which it is normally inactive, and the experiments 
of R. W. Wood,* which indicate the almost complete dissociation 
of hydrogen in long tubes, give evidence that the formation of the 
compound HgH under the conditions prevailing in the mercury 
arc is not altogether improbable. Though the moment of inertia 
of such a molecule cannot be computed directly because the inter- 
atomic distance is unknown, an estimate may be obtained from the 
way in which the moments of inertia of other hydrides vary with 
the atomic weight of the combining element. Such an extrapola- 
tion gives a close approximation to the value here assumed,‘ 
saw. 

It was pointed out earlier in the paper that the observed 
harmonic overtones of the Hertzian oscillator are always odd 

t Annalen der Physik, 71, 72, 1923. 

2 Physical Review, 23, 768, 1924. 

3 Journal of the American Chemical Society, 34, 1310, 1912; 36, 1708, 1914. 

4 Philosophical Magazine, 44, 538, 1922. 


5 Other moments of inertia obtained from infra-red spectra are: HO, 3.2; HCl, 
2.6; HBr, 3.3; (HCu), 3.7, allX 10—-*” (Eucken, Jahrbuch der Radioaktivitaét und Elec- 
tronik, 16, 406, 1919-1920). 
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Fic. 9.—Fabry and Perot interference curves of radiation from mercury arc. 
A, by Rubens and Von Baeyer—focal isolation method; B, by Nichols and Tear— 
filters: 2-mm fused quartz, 2 sheets o.11-mm black paper; C, by Nichols and Tear— 
filters: 8-mm fused quartz, 4 sheets o.11-mm black paper. Heavy black lines indicate 
computed wave-length of the molecular rotation spectrum of HgH. Lighter lines show 
expected positions of second and third maxima of shorter wave-length components. 
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integral fractions of a fundamental wave-length. It is obvious 
from the form of the equation 


1/A,=a(n+3) where n=0, 1, 2,.... 


that this relation also holds for the lines of a pure rotation spectrum. 
Thus in at least this one respect the source of the molecular rotation 
spectrum follows the laws of the linear electrical oscillator. 


DISCUSSION 


By the identification of the long wave-lengths in the quartz 
mercury arc the infra-red spectrum has been extended to 420 yw. 
Likewise, homogeneous radiation has been generated by electric 
means and wave-lengths identified as short as 220u. Thus the 
infra-red and the electric-wave spectra overlap by as much as an 
octave. 

Though it is of interest and importance to identify radiation in 
a portion of the spectrum hitherto unexplored, it is essential that the 
radiation be obtained with sufficient purity to make possible the 
determination of the optical constants of various substances for 
the wave-lengths investigated. The radiometer receiver when 
tuned to the fundamental of the Hertzian oscillator gives sufficient 
selectivity for much work of this character. The dispersion curves 
of a number of substances which have been previously carried to 
the wave-length of 4 mm by this method" can now be extended to 
approximately 1 mm. 

It will be necessary, however, to secure greater purity for the 
wave-lengths less than 1 mm which have been observed in the 
mercury arc and as harmonic overtones of the Hertzian oscillator 
before they can be satisfactorily used in the determination of optical 
constants. More complete isolation of these wave-lengths may be 
looked for in further development of the selective feature of the 
radiometer receivers or in the use of some means of optical dispersion 
such as the echelette grating in conjunction with an appropriate 
set of screens. 

It is fortunate that there are a number of substances which give 
evidence of increasing transmission as the wave-length is varied 


* Physical Review, 21, 611, 1923. 
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from o.1 to 1 mm, and consequently may be available as screens 
to eliminate the components of shorter wave from a complex 
radiation of this range of wave-lengths. Values of transmissions 
for a few substances which show this property are collected in 
Table III. The transmissions in the third column are for radiations 


TABLE II 


INCREASE IN TRANSMISSION WITH INCREASING WAVE-LENGTH 














| ae 
Transmission 
Substance, mm . ona aemeametiaeimeaaenned 
A =0.324 mm A =0.420 mm A 1.3 mm 
Rock salt, 4.9 | 0.15 0.17 0.61 
Fluorite, 4.1 O.11 0.27 0.76 
Glass, 0.85 ; 0.0: 0.23 ©.60 








corresponding to curve B, Figure 9; in column 4 for radiations 
to C, Figure 9; and column 5 for radiation from a o.1 X0.3 mm 
Hertzian oscillator. 

Because of interference phenomena introduced by multiple 
reflection at the surfaces of the samples, these values can hardly 
be more than qualitative. However, it will be observed that in all 
cases the transmission values increase rapidly as the wave-length 
changes from 0.3 to 1.3 mm. 

A corresponding set of screens may be constructed which will 
transmit only the shorter wave-lengths and thus enable the overtones 
of the Hertzian oscillator to be separated from the fundamental, by 
utilizing the property of selective transmission of wire grids studied 
by Blake and Fountain.’ According to their data, a grid of wires 
spaced 15 to the millimeter should transmit 69 per cent of a 0.33-mm 
second overtone and but 17 per cent of the corresponding 1 mm 
fundamental, giving the shorter wave-length an advantage of four 
over the longer. 

Thus, as there are screens available which become opaque on 
both sides of the region under investigation, it is hoped that in the 
near future there will be available homogeneous radiation extending 
throughout the electric-wave and infra-red spectra. 


t Physical Review, 23, 257, 1906. 
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SUMMARY 


By reducing the dimensions of the Hertzian oscillator, funda- 
mental wave-lengths were obtained as short as 0.9 mm. 

Under certain conditions of excitation, the fundamental of the 
oscillator was suppressed and the second or fourth harmonic 
overtone accentuated. Interference curves obtained with this 
radiation show single dominant wave-lengths which in some cases 
were as short as 0.22 mm. 

Further isolation of short wave-lengths was obtained by con- 
structing selective receivers embodying the principle of electric 
resonance. These receivers were used successfully for wave- 
lengths extending to 0.4 mm. 

The infra-red spectrum of the quartz mercury arc was extended 
to 420u. The long wave-lengths observed may possibly be 
attributed to the rotation spectrum of the molecule HgH, assuming 
its moment of inertia to be 5.7 X 107 *°, a value intermediate between 
those used for the source of violet bands of the mercury-vapor 
spectrum. 


NELA RESEARCH LABORATORY 
NATIONAL LAMP WorkS 
CLEVELAND, OHIO 
June 1924 

















NEW REGULARITIES IN THE SPECTRA OF THE 
ALKALINE EARTHS 
By H. N. RUSSELL anp F. A. SAUNDERS 


ABSTRACT 


Classification of lines Ninety-seven lines of Ca, 55 of Sr, and 95 of Ba, not 
included in the ordinary series, have been identified as combinations between known 
spectroscopic terms and new terms. Practically all the lines of Ca and Sr are now 
accounted for; many remain unclassified in Ba. 

Tables are given of the wave-lengths and wave-numbers of these lines, and of the 
new terms. A number of mew lines (mainly of Ca) are included. 

New series.—A series of five groups of six lines each has been found in Ca (the last 
incomplete), including the strong groups near \ 4300 and A 3000, and new groups near 
d 2560, A 2360, and \ 2260. The first two members of similar series have been identi- 
fied in Sr and Ba. Three more new series appear to exist in each spectrum, of which 
only the first one or two members appear. All these series belong to the triplet 
system. Similar series of single lines are indicated. 

Properties of the new terms.—The new terms account for about half of the strong lines 
in each spectrum. Their inner-quantum properties (multiplet structure and Zeeman 
effect) are normal; the combinatory (azimuth-quantum) properties are sometimes normally 
related to the others; but sometimes corres pond to a change of the usual azimuth-quantum 
number by =1. Such terms are called p’, d’; the former p”,d’”’. The numerical values 
of the terms are negative in several instances, and the limit of the pp’-series in Ca is different 
from that of the ordinary series. 

Suggested explanation —The negative terms show that a neutral atom can contain 
more than enough energy toionizeit. The suggestion, due to Bohr, that the two valency 
electrons are both displaced to outer orbits, explains this, and also the other properties 
of the new terms. The limit of the new series in Ca corresponds to an ionized and 
excited atom, in the metastable 16-state—in which the excess energy above the normal 
1g-state is 1.69 volts, while the series limit gives 1.72 volts. There is good evidence 
that all the other new series in Ca, Sr, and Ba converge to the 16-limit. 

It follows that both valency electrons may jump at once from outer to inner orbits, 
while the net energy lost is radiated as a single quantum—the atom acting as a whole. 

Extension of Landé’s vector-model—The anomalous relation of the azimuthal and 
inner-quantum properties can be explained by assuming that the angular momenta of 
the two valency electrons are quantized in space with respect to each other, and their 
resultant quantized with respect to that of the residue of the atom (“Rumpf”’). This 
accounts, also, for the fact that the triplet separations of the anomalous terms increase 
from p” to d’ and f”. 

Spectroscopic notation.—The present chaos is reviewed and a simple notation, 
adequate to include multiplets and anomalous terms, is suggested provisionally as a 
basis for discussion (p. 64, § 5). 

A summary of the normal series and other relations in line spectra is given (p. 38, §1) 


There are many prominent lines in the spectra of calcium and 
the allied metals which do not belong to the regular series and yet 
are evidently closely related to them. The present communication 
discusses these relations and their interpretation. 
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I. SUMMARY OF THE NORMAL SERIES RELATIONS IN LINE SPECTRA 


It may be well at the start to review the normal relations of 
series lines, as indicated by recent work." 

Every spectral line is now believed to be emitted (or absorbed) 
in connection with the transition of an atom (or molecule) between 
two definite (quantized) states, of different energy-content—the 
frequency of the radiation being exactly proportional to the change 
of energy. ‘The wave-number of the line may therefore be expressed 
as the difference of two spectroscopic terms which measure, in suitable 
units, the energies of the initial and final states. Combinations 
between these terms occur according to definite laws, which enable 
us to classify them into systems, each containing a number of 
series of terms, which are usually multiple. 

The system is characterized by the multiplicity (r) or maximum 
number of components which a term may possess. All values of r 
from 1 to 8 are known.? 

In the successive series of each system (which are usually denoted 
by the letters s, p, d, f, g, h)* the number of components at first 
increases, along the sequence 1, 3, 5, .... , but stops short at 
the maximum 7, and retains this value in all following series. 

In the arc spectrum of a given element the systems are either 
all of odd or all of even multiplicity—odd and even values alternat- 
ing for successive elements in order of atomic number (the principle 
of alternation). In arc spectra the maximum multiplicity increases 
by a unit for each element from sodium (2) to manganese (8)4 
and probably also for homologous elements in other parts of the 
periodic table. The spectrum of an ionized atom resembles in these 
respects that of the element of next preceding atomic number, that 
of doubly ionized atom, the element preceding this, and so on (the 
displacement principle). 

t For further details see Fowler, Report on Series in Line Spectra (London, 1922); 
Sommerfeld, Atombau und Spektrallinien; and papers cited below: Kiess, Proceedings 
of the Washington Academy of Science, 13, 270, 1923 (Ti); Meggers, Journal of the 
Washington Academy of Science, 13, 317, 1923 (V); Gieseler, Annalen der Physik, 22, 
228, 1924 (Cr); Back, Zeitschrift fiir Physik, 15, 206, 1923 (Mn); Walters, Journal of 
the Optical Society of America, 8, 245, 1924 (Fe). 

2 Landé, Zeitschrift fiir Physik, 15, 189, 1923. 3 This notation is discussed in § 5. 


4Catalan, Anales Soc. Espatiola Fis. y Quim., 21, 480, 1923. 
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Any term y may be expressed in the form y= R/(m-+<2)?, where 
R is the Rydberg constant and m an integer. For homologous 
components of successive terms of the same series, m changes by 
unity, while the ‘residual’ x is sometimes practically constant 
(Rydberg’s formula), or, more often, is expressible in the form 
u+a/m (Hicks’s formula), or u+ay (Ritz’s formula). In many 
cases this approximation fails for the smaller values of m; and pre- 
diction becomes very uncertain, though a plot of the residuals 
usually gives a smooth curve. 

The separations between the components of a multiple term 
normally diminish rapidly with increasing m (the differences in x 
remaining nearly constant), but this rule, too, sometimes fails for 
the earlier members of a series, as in Al*,"’ and probably for the 
heavy metals in general. 

The principles of selection, which determine what combinations 
among these numerous terms give rise to observable lines, are 
very simply expressed in terms of two sets of quantum numbers. 

The azimuthal quantum number (k) is 1 for all terms of the 
s-series, 2 for those of the p-series, 3 for the d’s, 4 for the f’s, 5 for 
the g’s, 6 for the h’s, and so on. 

Combinations usually occur only between terms of adjacent 
series for which the values of k differ by a unit. A great many lines 
are, however, known for which the change in & is o, and a few for 
which it is 2. In the simpler spectra, such lines are faint, except 
when produced under the influence of a strong electric field; but in 
the more complex spectra they are often numerous and strong. 

The inner-quantum number (j) differs from one component of a 
multiple term to another, and also in the various series and systems, 
according to the following scheme.” 
































TABLE I 
k Series | Singlets | Doublets | Triplets | Quartets | Quintets | Sextets Septets 
dace o Rive Psaanee Piece Ged, herein ME : 

| r=1 2 3 4 5 6 7 
I s j=o I I 2 2 3 3 
2 p I 1,2 0,1,2 Z,2,8 1,2,3 2,354 25354 
3 d 2 2,3 1,203 | 1525354 | 051525354 | 152039495 152535455 
4 f 3 354 95304 | 2530405 | Bs2230b0$ | Fe 20S240$06 | O:3.258.4,5.6 
5 g 4 455 35455 35455,0 | 2,354,556 | 25354,5,0,7 | 1525354555057 














™Paschen, Annalen der Physik, 71, 558, 1923. 2 Landé, Joc. cit. 
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Homologous components of successive terms of the same series, 
for which the serial number m differs, have the same inner-quantum 
number. ‘The separations between the components of a given term 
increase (with rare exceptions) as 7 increases. When r is odd, they 
are roughly proportional to the larger value of 7 concerned; when r 
is even, to the mean of the two (Landé’s interval rule). Greater 7’s 
usually go with higher energy-levels, but in some elements (notably 
iron) this relation is inverted. 

Combinations occur only between terms for which 7 differs 
by oor +1. If, however, 7=o in both cases, no radiation occurs. 
Lines corresponding to a change of 7 by +2 are found in strong 
magnetic fields, and a very few in their absence. 

The combination of two multiple terms gives rise, therefore, to 
a group of lines (which may number as many as eighteen). Such 
groups have been called multiplets by Catalan.' Their discovery 
has afforded the key to the many-lined spectra—even that of iron. 

In such a group, those lines for which the changes in 7 and k, 
in passing from one term to the other, are of the same sign, are the 
strongest, and those in which they are of opposite sign the weakest.? 
These intensity relations are of great assistance in picking out the 
multiplets. 

Combinations between terms of different systems (consistent 
with the foregoing rules) often occur. Such lines are usually, though 
not always, faint. In all known cases, the multiplicities r differ 
by 2. 

The character of the Zeeman effect for any line is completely 
defined by the three numbers r, k, 7, in accordance with the scheme 
recently developed by Landé.* In most cases it is possible to work 
backward, and, from the Zeeman pattern (when completely 
resolved), to find the values of r, k, 7, for both terms involved— 
an enormous advantage in the analysis of complex spectra. 

The serial number m of the term (which is equivalent to the 
total-quantum number) plays a quite subordinate réle, being of impor- 
tance only when series formulae have to be calculated. An extensive 
analysis of a spectrum is possible without it, though determination 


t Phil. Trans., A, 223, 146, 1921. 


2 Sommerfeld, Annalen der Physik, 70, 37, 1923. 3 Loc. cit. 
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of the limits of the series, and the ionization potential, demands 
its introduction. 

Among the physical characteristics of lines, diffuseness is closely 
connected with their series relations—usually indicating that large 
values of k or m are involved. Other important characters depend 
almost entirely on the energy-level of the lower term involved 
(from which the line may be said to originate). 

Lines originating in the lowest energy-level in the atom are 
strong at low temperatures, and usually easily reversed, and are 
strengthened in the sun-spot spectrum; while those arising from 
high levels do not reverse, are produced only at higher temperatures, 
and are little atfected, or even weakened, in the spots. The gradation 
of these properties follows the energy-levels so closely that the 
temperature classification of the lines ranks with the frequency- 
differences and the Zeeman effect as a fundamental guide in the 
interpretation of many-lined spectra. 

The lowest level, among the elements already investigated, may 
correspond to any value of k from 1 to 4, and almost any of r from 
1 to 8. The association of low-temperature characters with the 
principal series, though familiar, is therefore not general. 

The raies ultimes, which are the last to disappear when the 
quantity of the element is diminished, are strong lines arising from 
the lowest level (or occasionally the next). 

Resonance lines are those corresponding to the transition from 
the lowest level to the next lowest with which it combines (or the 
next such level in its own system). Intersystem combinations, 
which are usually faint in the arc and spark, very rarely appear as 
rates ultimes, though they are often very strong in the furnace, and 
important resonance lines. 


2. ‘‘ANOMALOUS”’? GROUPS IN THE ALKALINE EARTHS 


Calcium, strontium, and barium present beautifully developed 
singlet and triplet systems, including series of all the familiar 
types. There are, however, several very conspicuous groups of 
lines, of exactly the character now recognized as multiplets, which 
are evidently combinations between known triple terms and other 
terms for which no place can be found in the recognized series. 
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Groups of this sort, related to the rp- and 1d- terms, were recognized 
by Rydberg’ in 1894. As examples of their structure, Table II 
gives the wave-numbers, wave-number differences (Av), and 
intensities and temperature classes (according to King’) for the 
groups in the calcium spectrum. Wave-lengths are given later in 
Table ITT. 

The horizontal differences are identical with those of the known 
terms mentioned at the head of the columns. The vertical differ- 
ences belong to new terms, which evidently have the same inner- 
quantum numbers as the ordinary p-, d-, or f-terms, and hence are 
usually denoted by these letters, accented. All the empirical 
rules summarized above are obeyed. The members of the first 
four groups corresponding to the “forbidden” transition from 7 =o 
to j’=o are absent. The intensities are greatest for the lines in 
the principal diagonal, for which 7 and k change in the same sense, 
and the separations are. nearly in the ratio 2:1 for the p-terms 
and 3:2 for the d-terms. The Zeeman effect (when known) is 
also in strict accordance with Landé’s theory, and the temperature 
classes accord with the fact that rp is next to the lowest level in the 
calcium atom, and 1d higher (and also that ultra-violet lines are 
hard to get in the furnace). 

The last two groups in the first half of the table are new, and the 
second group in the second half. These deserve special mention. 
The ultra-violet groups near \ 2560, \ 2360, and \ 2270 appear on 
photographs, most of which were taken in the manner of Pierucci,3 
in which the positive crater of the arc is viewed through a hole in 
the negative electrode. ‘The metal was used for terminals for Ca, 
and for the positive terminal in the case of Sr, and the arc was 
usually formed in air, though once in hydrogen. ‘The d 2270 group 
was obtained only as absorption lines on a continuous ground 
furnished by a wing of the great principal series line \ 2275. Owing 
to the fading of this wing, the group is incomplete, and owing to 
the faintness of the images and probable disturbances by traces of 
emission lines in the neighborhood, due to impurities, the wave- 
lengths are not at all accurate. The d 2360 group was once obtained 

* Annalen der Physik, 52, 119, 1894. 

2 Astrophysical Journal, 48, 13, 1918. 3 Il Nuovo Cimento, 18, 82, 1919. 
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TABLE II 




















Ip: (2) Ipa (1) Ips (0) 
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86.75 86 .87 
eens 23148.91 (45 I) 105.75 23254.66 (301) 52.30 23306.96 (40 I) 
7 13 
RES COT ae ee ee Ee eT 23207.53 (45 I) ' 
' 
eee ee 33247.58 (6 III) 105.090 33353-57 (5 III) 
25.03 20.05 
Spb (z) 0.0000. 99228.65 (3 TEI) zvos.87 33327.52 (4 WI) 52.28 33379.80 (5 III) 
13.48 
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MORE? ¢-00ven0n 38989.0 (3+) 105.0 39094.0 (2+) : 
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t 
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complete and beautifully resolved in an arc in hydrogen at 3-cm pres- 
sure. In air (at atmospheric pressure) the lines were incompletely 
resolved. The \ 2560 group" (see Fig. 1) occurs sometimes with 
very considerable strength, but was long overlooked, probably 
because of the frequent occurrence of many other lines due to 
impurities in its neighborhood. There seems to be no doubt that 
all three of these groups are pp’-groups just like the others, and it 
is to be noted that they show 
an abnormal arrangement of 
spacing of some of their com- 


ponents. | 
The 3190 (dd’-) group 


appears in the same sources as 
a wing to the line \ 3181. It 
is difficult to resolve. The 





oe ge eee = 





; Al | Ca 
measurements here given are 3 vs 
obviously incomplete. One of > > 


the lines is used twice, and Fic. 1.—Enlargement (X13) of \ 2560 
must be a close pair. (pp’) group in Ca, taken from a spectrum of 

The group inthered,which _ the arc in hydrogen at low pressure. 
contains some of the strongest 
lines in the spectrum, appeared very puzzling at first. A clue was 
found in the existence of two faint lines at \ 6508.742 and \ 6464.70, 
not previously reported in the arc spectrum,’ but given by Rowland 
(unidentified) in the sun, and greatly strengthened in the spot 
spectrum. ‘These are shown in Figure 2, which is taken with a 
21-foot grating, calcium arc in air, exposure time 13 hours. (The 
authors are indebted to Messrs. W. J. Cahill and R. A. Loring, 
of the physics department of Harvard University, for this very 
satisfactory photograph.) 

When these new lines are included, the group resolves itself into 
a typical six-line multiplet, with a triplet superposed on the middle 
of it. The terms in the multiplet are clearly of type f and may be 
called {”; the isolated term which produces the triplet may be called x. 


* Discovered independently by A. del Campo. See Trabajos del Laboratorio fisico, 
No. 68, Madrid, 1923. 


? While revising proof we note that \ was measured by Crew and McCauley. 
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The Zeeman effects for these lines (as shown on a photograph 
taken by Dr. Babcock at Mount Wilson) are complex—the com- 
ponents being too close to separate. For the df’-group they are 
in qualitative agreement with Landé’s theory; to determine the 
nature of the enigmatical term x demands higher resolution. The 
values of the new terms involved in these groups are given in Table 
IV, along with those for Sr and Ba. With their aid, a number of 
additional combinations with other terms can be identified. 


x x 
10 go 80 70 60 40 


6500 6450 





Fic. 2.—Enlargement of \ 6500 group in Ca, showing new components at 6509 and 
6465. Lines marked X are ghosts. 


For example, 1D —1f;/ and 1D—«z lead exactly to two strong 
lines in the deep red, with wave-numbers 13880.89 and 13985.83, 
and Av=104.94. Again 1S—1d;=38192.8, 1S—1p;’/=39335.7, 
and there is a fairly strong ultra-violet line at 38191.1 and a fainter 
one at 39336.6—the differences being within the accuracy of the 
measures; and 1s—1py,2,; give \ 7800.8, \ 7796.0, \ 7794.1, while 
Paschen has observed infra-red lines at \ 7799.0 and A 7795.0, which 
he recognizes as representing this combination. Finally, r1P —1p;= 
14899.40, which is exactly the position of a faint line recorded by 
Lorenser, and 3f—3p;=12117.5, agreeing with a weak line in the 
extreme red at 12117.6. 

There appear also to be terms belonging to the singlet system, 
which, like the foregoing, do not fall into any of the recognized 
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series. One of these has already been mentioned by one of us' 
and called X(=8584.9). 1P—X gives the very strong line 17067.5, 
while 1p,—X and rp,—X lead to faint lines at 25403.6 and 25510.3. 
2P—X is 3989.1; and Randall gives a strong line at 3988.2. The 
Zeeman effect for the line first mentioned shows that YX is a singlet 
term. 

If Z=8614.2, 1P—Z gives a line at 17038.2, 1p,—Z at 25480.4 
(both exactly),and 2P —Z one at 3957.8 (as against 3958.9 observed). 

This leaves but a single strong line outstanding in the calcium 
spectrum, at 18688.25 (A 5349), which is also shown to be a singlet 
by the Zeeman effect. If Y =8767.0, 1D—Y gives this line exactly, 
and 1d,—Y and 1d,—Y lead to two faint lines at 20166.4 and 
20188.1, with errors of o.2ando.o. Still another term, W (17973.8), 
gives 1d,—W=10982.5, 1d,—W =10959.6, both within o.1 of 
observed lines, and 1D—W =9481.5, while a strong infra-red line 
is at 9482. 

Multiplets exactly analogous to the foregoing occur in the 
spectra of strontium and barium. ‘Two pp’-groups in Sr, one in 
Ba, and conspicuous dd’- and dp’’-groups in both spectra have 
long been known. Groups in the red exactly like that in Ca, with 
the superposed triplet, are found in both the others. A second df’- 
group, without the triplet, occurs in the ultra-violet Ba spectrum, 
and one of the type pd’ in the blue; and the existence of a pp’-group 
in the infra-red is very probable. 

Incidentally, the discovery of the combination 1D—1f”, in 
Sr immediately settles the question raised by one of us? as to the 
proper line to choose as second member of the diffuse series of sing- 
lets in that element. The choice there tentatively made proves to 
be wrong, and the table’ of the singlet series should be corrected 
by replacing \ 7621.54 by \ 7673.11 in the diffuse-series column. 

There is a second ultra-violet df’’-group in Sr, which is of a 
different appearance, the lines being very diffuse, while those in the 
Ba-group are sharp. The wave-lengths given below are derived 
from measures of long exposures on the arc spectrum in air, made 
by King at Mount Wilson. In spite of the high dispersion 

™F. A. Saunders, Astrophysical Journal, 52, 265, 1920. 

2 [bid., 56, 73, 1922. 3 Tbid., p. 79. 
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(1.86 A/mm), the lines are fairly well measurable—the probable 
error of the mean values being 0.015 A. 

A number of “fragments,’’ showing the characteristic frequency- 
differences of well-known combinations, were also found. These 
may in some cases be parts of incompletely observed multiplets; 
but no further complete groups could be found, although Dr. 
King made several long exposures of the arc spectrum for the 
purpose. ‘The terms whose existence is indicated by these combina- 
tions are provisionally called q,, q:, ete. 

Data for all the lines which have been identified as combinations 
and do not belong to the recognized series are given in Table ITI. 
Homologous lines of the three elements are grouped together, 
opposite the designations employed for the calcium lines. The 
intensities and temperature classes are taken from King whenever 
possible. Intensities from other sources are given in parentheses. 
The wave-numbers for Ca, which are all given above, are not 
repeated. Groups which appear in but one of the spectra, and 
various “fragments,” are listed separately for each element. A 
few new lines, not mentioned above, are given in the tables. Pro- 
fessor C. E. Mendenhall informs us that certain combinations in 
the spectra of Sr and Ba were independently discovered by Mr. 
Jerome B. Green, of the University of Wisconsin. These are 
indicated by notes in the table. 

The identification of the foregoing lines leaves nothing of any 
strength outstanding in the spectra of Ca or Sr. A considerable 
number of lines remain unaccounted for in Ba, though none of them 
are very strong. Observations of the Zeeman effect afford the 
best hope of identifying these. 


3. PROPERTIES OF THE NEW TERMS 


The data concerning the new terms show that 

1. They are comparable in importance to the familiar terms.— 
Taking, as a homogeneous list, King’s tables" of lines observed in 
the arc and the vacuum furnace, and excluding lines known to 
belong to the spark spectra, we find 81 calcium lines accounted for 
by the old terms, 39 by the new, and 1 unclassified. For strontium 


* Astrophysical Journal, 48, 13, 1918, and 51, 179, 1921. 





























54 


H. N. RUSSELL AND F. 


TABLE IV 
New TERMS 


A. SAUNDERS 























3904 
180 


100 
59 


>> 
-s 


200 


2 
3 


Jt 


+ 


~J “J 


om 


om 


rs 


Ca Sr 
49304.8 45925.0 
17765.1 16886. 8 
25652.4 | 24227.1 
339088. 7 | 31020.8 
959 / 105.9 | 5 : 
34094.0 ~~ = 31421.1 
34146.9 °° 31608. 0 
27455-3 25775-5 
289033.5 ae 4 27600.0 
28055. a 27700.0 

953°3 13.6 emg 
25905. 5 27700.0 
6961.3 6387.0 
7170.2 
7133-9 7172.9 
7174.0 
oP ee 
10753 ° 86.8 se 7 
10839. 47.2 10525.5 
10887. 1 ie 10731.8 
741.1 ot 1195.9 
767.1 13.5 1329.6 
780.6 “2 1399.8 
— 4999.5 ee 
— 4983.6 eee 
—4977-5 
— 8333-6 45 ¢ 
— 8313.1 cs 
— 8306.4 ’ 
— 10086 e 
— 10063 23 
9064-3 4 8 8588. 5 
9969.1 1.9 8622.2 
9971.0 ; 8633.0 
11045-3459 9365.9 
Re 2 49: - 
II00§-3 46 ~ 9543-4 
IIII2.0 9661. 2 
— 2462.2 
22 
—2429.8 °° 4 
— 2406. 5 “3°93 
13407.6 sila 12006.0 
13485.9 88 . 12335-7 
13573-9 104.8 | 12055. 5 
13409.1 | 12098. 1 








42029.4 
15689. 3 


239090 
23514 
290392 
29703 


oon 


Ww 


30034.1 
32433.-9 
32514. 1 
32995.6 


oI 30 
7308 0 
7412.8 
7426.8 


I8SIIO. 5 
18549. 3 
18820. 3 


18372.6 
19082.1 
19964.8 
18955.2 


eo ) 
~sIs 
ie) 
° 


° 
wn 


Wr 
uF 


= 
+ 
tN 


809. 5 
882.6 
1009.6 





er epee ns 


ew 





























THE SPECTRA OF THE ALKALINE EARTHS 55 
TABLE IV—Continued 
“4 Ca Sr Ba 
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the corresponding numbers are 72, 40, and 1; and for barium 85, 66, 
and 71. If we confine ourselves to the stronger lines (of intensity 
not less than 30 for Ca and Sr, and 50 for Ba), the old terms account 


for 21, 14, and 22 lines of the three elements, and the new terms for 
19, 20, and 21, leaving not a single line unclassified. The new 
} terms account for more of the stronger lines than the old, and about 
half as many of the weaker ones. 

In the spectra of other elements, skew-symmetrical multiplets 
(similar to the pp’- and dd’-groups, and involving “anomalous”’ 
terms) occur in Be, Mg, Al*, Sc, Si, Ge, Ti, V, Cr, Mn, Fe, Mo (and 
probably in many other cases not yet investigated); and in almost 
every instance, some of them include very strong lines. It is there- 
fore evident that these terms represent some standard process, 
which occurs in many different atoms (probably in the majority) 
. and with a high degree of statistical frequency. 

2. They show evidence of arrangement in series.—This is obvious 
for the pp’-groups in calcium. The Ritz formula, 


v=47,950—R/}m-+o.1798-+3.75X 1075(47,950—») {?, 
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represents the wave-numbers of the five lines 1p,—mp; with 
residuals (O.—C.) of +1, 0, —75, +57, and —6, respectively. 
The intensities of the lines decrease from group to group in a 
normal, though rather rapid, manner. The separations of the 
components of the p’-terms diminish at first and then increase— 
which occurs in several other series in the alkaline earths, and is 
usually accompanied by considerable deviations of the term-values 
from any ordinary formula. The representation of the present 
series by the formula is therefore surprisingly good; but the com- 
puted limit may be more in error than would be estimated from this 
agreement. There can be no doubt that the two pp’-groups in Sr 
are analogous to those in Ca, and form the beginning of a series, and 
the same is probably true in Ba. The two dd’-groups in Ca, and 
the df’-groups in Ba, also look just like the first members of series. 
The relation between the df”’-groups in Sr is more doubtful. 

3. Their inner-quantum and combination properties are related 
in an unusual manner.—For example, the terms 1d’, though pos- 
sessing all the properties of d-terms as regards multiplet structure, 
line intensity, and Zeeman effect, combine with normal terms of 
types d, D, and S, and, in this respect, behave like p-terms. Simi- 
larly, the p’-terms, with all the inner-quantum properties of p-terms, 
combine with p- and P-terms, and (to judge by a single faint line in 
Ca) with f-terms as well—which would give them the combination 
properties of d-terms. Other combinations with f- and F-terms, 
which would test this inference, lie far in the infra-red. 

On the other hand, the terms called p” combine with d, D, s, 
and S, and the d”-terms with p and P (the f-combinations being 
hopelessly far out), so that both appear normal in this respect, 
though they certainly do not fit into the ordinary series. 

The f’’-terms give strong combinations with d and D, and may 
either combine like p-terms or like f-terms. In the former case, 
the only s-combination permitted by the inner-quantum rules is 
1s—mf;’, which leads far into the infra-red. In the latter, the 
normal g-terms, with which combinations might occur, are wholly 
unknown. 

We may now say more precisely: The asimuth-quantum numbers 
of the new terms are in some cases the same as for ordinary terms 
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having the same inner-quantum numbers, and in other cases differ 
by one, and perhaps by two, units. 

The singlet terms, for which no room can be found in the 
ordinary series,! are presumably related to the ordinary singlet 
terms in the same fashion.?, The term x, which gives lines super- 
posed upon the df’-multiplets, combines with D, d, and s, and must 
have k=j=2. ‘The relative intensity of the combinations suggests 
that it is a singlet term—which can be settled by the Zeeman effect. 
If so, it is of type D’. 

For Y, which combines with 1D, 1d,, and 1d,, k must be 2 or 4, 
and j, 2 or 3. It is probably either like the last, or else of type 
F’ (R= 2, j =3). 

Finally X, which is observed to combine only with 1P, rp,, 
and rp., is presumably a P’-term (k=3, 7=1). The possible com- 
binations with F- and f-terms are inaccessible. 

The recognition of these terms offers an explanation of a very 
puzzling feature of the barium spectrum. There are three singlet 
terms which combine with 1S and 1D, but for which there is no 
room in the P-series. In a previous communication’ these were 
provisionally assigned to the F-series; but the combination 15 —-mF 
is doubly forbidden by both principles of selection, and it is 
extremely unlikely that it would give rise to a line like \ 3501, which 
is one of the strongest in the whole spectrum. ‘The values of the 
terms are also very unlike those of any other F-series. ‘These 
difficulties disappear if these are P’’-terms, with the same values 
of both k and / as the ordinary P-terms. 

In the alkaline earths, the ‘“‘new”’ terms do not combine with 
one another, and appear always as the higher level in a transition; 
but that this is not a general rule is shown in the case of iron. 

4. The ‘‘new”’ terms are sometimes negative—This is the most 
remarkable of these properties, and quite without precedent;$ 

t Saunders, op. cit., 56, 81, 1922. 


2 This suggestion has been made independently in a letter from Professor Sommer- 
feld to one of the authors. 


3 Astrophysical Journal, 57, 28, 1920. 

4G. Wentzel, Physikalische Zeitschrift, 24, 106, 1923. 

5 The negative 3p’-term has been noticed independently by Wentzel (ibid., 25, 182, 
1924) after its announcement by the authors (Physical Review, 22, 201, 1923). 
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but the four new groups in Ca and the one near \ 3200 in Sr place its 
reality beyond question. ‘The energy-content corresponding to a 
negative term must be greater than that required for complete 
ionization (which is taken as the zero-level to which the others 
are referred). In the 3p’-, 4p’-, and sp’-states for calcium, this 
excess of energy corresponds to 0.62, 1.03, and 1.24 volts. Yet it 
can hardly be doubted that the atom in these states is still neutral, 
for this is certainly the case in the closely related rp’-state. ‘The 
lines 1p—1p’ are quite unafiected in the electric furnace by the 
presence of potassium, which by its own easy ionization depresses 
that of calcium, and greatly weakens the enhanced lines." 

The energy-content of the Ca-atom in the rp-state is confirmed 
by direct measures of the ionization and radiation potentials, so 
that the evidence that a neutral atom can contain more than 
enough energy to ionize it is very strong. 


4. INTERPRETATION OF THESE PROPERTIES 


1. Displacement of two electrons —This last phenomenon affords 
the clue to the whole problem of the anomalous terms. If more 
than enough energy to pull one electron entirely out of the atom 
can be put into the atom, without doing so, it must be divided 
between two (or more) electrons, each of which is shifted to a 
higher energy-level, without removing any. It is probable that all 
the ‘“‘anomalous”’ terms correspond to states of this sort. 

The alternative explanation—that a single electron is removed 
from a deeper level in the atom than that from which it ordinarily 
starts—though applicable in neon? and probably in 77° can hardly 
apply to the transition to 3p’ from 1p—a state in which one electron 
is already removed to an “outer orbit.”’ 

This explanation of the anomalous terms was first suggested by 
Bohr? (who was led to it by the fact that the triplet separations for 
the 2p’-terms in Ca and Sr are very much too great for terms of such 
small numerical magnitude), and has been developed by Wentzel.4 


t King, Astrophysical Journal, 55, 386, 1922. 

2 Grotrian, Zeitschrift fiir Physik, 8, 116, 1921. 

3 Mohler and Ruark, Journal of the Optical Society of America, 7, 819, 1923. 
4 Wentzel, Physikalische Zeitschrift, 24, 106, 1923. 
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The discovery of the negative terms suggested it to the authors 
before Bohr’s conclusion was known to them, and is a striking con- 
firmation of his insight. 

The fact that anomalous terms do not occur in the spectra of 
the alkalies, or aluminium (in which the energy required to dis- 
lodge a second electron is known to be very much higher than for 
the first), and that they do occur in the spectra (so far as investi- 
gated) of almost all the elements whose enhanced lines are easy to 
produce, again confirms this theory. 

The remaining properties of these terms are now easy to inter- 
pret. A series of terms such as the p’-terms may be supposed to 
correspond to a set of states in which one of the two displaced 
electrons, as usual, occupies successive orbits with the same azimuth 
quantum but increasing radial quanta, while the second remains in 
an orbit of fixed quantum numbers. The limit of this process should 
leave the atom ionized, and also “excited,” in a state corresponding 
to some term belonging to the spark spectrum, and the limit of the 
series should be beyond that of the ordinary series by the difference 
between this term and the lowest term in the spark spectrum. 
For the earlier terms of the series the interaction of the two electrons 
is likely to change the energy-levels so that they do not fit formulae 
of the ordinary types. 

The lowest term in Ca*, Sr*, and Ba* is 10, and the only others 
low enough to deserve consideration are 1m and 16 (Fowler’s nota- 
tion). The latter is the lower of the two, in all these cases, and 
therefore represents a metastable state, from which the atom cannot 
escape by radiating energy, since the transition from 16 to 1¢ is 
forbidden by the selection principle. 

Now the difference 1¢—16, in Ca* is 13711.0 (1.69 volts), and 
that between the limits of the ordinary series of the neutral atom 
and that found above for the p’-terms is 13961 (1.72 volts). The 
agreement is within the error of the determination of the limit of 
this somewhat irregular series, and affords a very striking confirma- 
tion of Bohr’s prediction, and also the first well-authenticated 
instance of a numerical relation between the arc and spark spectra 
of the same element. If we assume that all the anomalous terms 
belong to series with limits at levels higher by 10 — 16, than the usual 
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limits, we find the new term-values, and the corresponding Rydberg 
denominators, which are given in Table V. 

The metastable state for Bat is taken to be that defined by the 
strong lines \\ 6141.70 (16,—17;), 6496.90 (16,—17.), and 5853.70 
(16,—17,), which are shown by the Zeeman effect to be certainly 
combinations of the types here indicated. 























TABLE V 
! 
TERMS RYDBERG DENOMINATORS 
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It appears at once, that, referred to these limits, the term- 
values for homologous states in the three elements are remarkably 
similar—those for Ba being a little smaller, as are also the normal 
terms. ‘The fact that all the barium multiplets are shifted con- 
siderably to the red, compared with those in Ca and Sr, finds 
explanation in the smaller energy-difference between the normal 
and metastable states of the ionized atom. 

The differences in the Rydberg denominators confirm the assign- 
ments of the terms called 2d’ and 2f” to the corresponding series. 

2. An extension of Landé’s vector-model.—The quantum numbers 
of the anomalous terms remain to be considered. These may be 
accounted for by a simple extension of the theory developed by 
Sommerfeld and Heisenberg, and extended by Landé.* 

According to this, the different components of a multiple term 
correspond to states in which the orbit of the displaced electron 





t Zeitschrift fiir Physik, 15, 220, 1923. 
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and the equatorial plane of the residue of the atom (‘‘Rumpf’’) 
are inclined at different angles, determined by “ space-quantization.”’ 
The angular momenta of the outer electron, and of the residue, 
remain constant, and equal to definite multiples of the fundamental 
unit //27—the former multiple, A, being 1/2 for s-terms, 3/2 for p, 
5/2 for d, etc., while the latter, R, is 1/2 for the singlet system, and 
3/2 for the triplets. The angle z between these vectors—the 
inclination of the equatorial and orbital planes—must be such that 
their resultant J has one of the values 1/2, 3/2, 5/2,’ correspond- 
ing to inner-quantum numbers o, 1, 2, .... The numbers of 
possible components for each term, and their inner-quantum 
numbers, follow at once from this scheme. ‘The separations of 
the components of a given term (energy-differences) are supposed to 
arise from the interaction of the magnetic fields of electron and 
residue, and are proportional to the changes in cos 7 (=[J?— K?—R?]/ 
2RK)—which gives Landé’s interval rule. For similar elements 
they increase rapidly with the atomic number (probably because 
the residue is larger and the coupling of the two magnetic fields 
closer). 

Passing to the anomalous terms, it is clear that the separations 
within the triplets, which increase from element to element in the 
same fashion as those of the normal triplets, must be attributed to 
quantized changes in the position of the residue, to which the angular 
momentum R= 3/2 must still be assigned. 

Their remaining properties may be explained on the assumption 
that the two displaced electrons have fixed orbital momenta, L,, Lz, 
of the amount indicated by Landé, but that the inclination of their 
planes is quantized, so that the resultant angular momentum K 
may have any geometrically permissible value in the series 1/2, 3/2 

. ; and that the position of the residue is quantized with 
respect to this resultant K as assumed by Landé—determining all 
the inner-quantum properties—while the combinatory properties 
depend on the value of Z for that electron which is shifted during 
the transition in question. 

As an illustration, let us take the case in which the second 
electron is in the metastable 6-orbit (L,=5/2) and the first in a 


« The modified value used in treating the Zeeman effect need not be considered here. 
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p-orbit (L,=3/2). Then 4>K>1, and the permissible values of K 
are 3/2, 5/2, 7/2. Quantization of the residue with respect to 
this resultant should give us three triple terms, all with the combina- 
tion properties of p-terms, but with the inner-quantum (or, for 
brevity, internal) properties of p-, d-, and f-terms, respectively— 
that is, exactly like the terms involved in the three great multiplets in 
the less refrangible part of the spectra of Ca, Sr, and Ba. 

If we set R=1/2 for the residue, instead of 3/2, we obtain, in 
place of the three triplets, singlets, combining like P-terms, but 
with the inner quanta of P, D, and F. These agree, respectively, 
with the properties of the P’’-terms in Ba, and the x- and Y-terms 
in the three elements. The triplet separations, in the normal terms, 
decrease rapidly from p to d and f—the explanation being that the 
larger the orbit of the outer electron, the weaker will be the resulting 
magnetic field in the vicinity of the atomic residue and the less the 
energy required to change the orientation of the latter. In the 
anomalous terms, however, the triplet separation increases rapidly 
from p” to d’ and f’’.. This should be expected on our present 
theory. The inclination of the orbits of the two outer electrons, 
according to the quantum equations, is 60° in the f’’-state, 106° in 
d’, and 147° inp’. In the first case the magnetic fields due to the 
motions of the two reinforce one another, in the third they oppose 
one another, while the second is intermediate. ‘The triplet separa- 
tions should therefore decrease from {” to p’’, as observed. 

The differences between the 1p’’- and 1d’-terms are not far from 
1000 for all three elements, and those between the latter and the 
1f’-terms are about twice as great. ‘This again was to be expected 
if these differences arise from changes in the inclination of the two 
outer electron orbits, which have the same momenta in all three 
cases, and should involve about equal changes of energy in the three 
atoms. The second change involves a greater alteration of cos 7 
than the first, and a greater energy-difference. The coupling 
between these large orbits should be greater than between the orbits 
and the residue, so that these differences should be considerably 
greater than the triplet separations. All these predictions are 
verified; but it is surprising and somewhat alarming to find that the 
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1f’’-state, with the smallest inclination, gives the lowest energy- 
level, instead of the highest, as might have been anticipated. 

There is an apparent inconsistency in the assumption that the 
angular momentum of the atomic residue is 3/2 (or 1/2 in the 
singlet state) both before and after the removal of the second 
electron, which, in its unexcited 10-state, must be supposed to have 
a momentum of 1/2; but this disappears if we consider that the 
orbit of this electron when incorporated—so to speak—with the 
residue should itself presumably be quantized on Landé’s principles, 
and that the only permissible resultant of the vector 3/2 previously 
present and the added 1/2 is 3/2. 

The important p’-terms appear to combine like d-terms, so that 
for them we must set L,=5/2 and L,=5/2 as before. The value 
3/2 of K, demanded by the internal properties of these terms, is then 
permissible, but appears as one of a set of possibilities. A =1/2 
gives a single term, behaving like an s-term, except that it combines 
with f;. Some of the ultra-violet “fragments” in Ca, such as q, or 
q,, may perhaps be of this sort. AK =5/2 gives a term with exactly 
the properties of the d”’-term in Ba. 

Higher values of K may account for terms such as q¢ in Ca, or 
x2 in Ba, which combine with the f- and F-terms—the p-terms being 
cut off by the inner-quantum exclusions. By setting R=1/2, we 
obtain P’-terms, which account for the important singlet term 
called X. 

It is remarkable, however, that one of this set of possible kinds 
of terms should give such strong combinations, and the others be so 
inconspicuous. ‘The large triplet separations of the 1p’-term are 
also hard to explain if both electrons are moving in large d-orbits 
and these highly inclined to one another. ‘The model here suggested 
is therefore less successful in this case than for the terms first 


discussed. 

It should further be noticed that a strong pp’-group, with char- 
acteristic Zeeman effect, occurs in the spectra of Be, Mg, and Al* 
(although, in all three cases, there is no 16-term in the spectrum 
corresponding to the next higher stage of ionization, and no meta- 
stable state), but that the multiplets involving 1d do not appear in 
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these spectra. A search for additional pp’-groups in these spectra 
(which must lie in the Schumann region) would be well worth while. 

The preceding arguments rest on the assumption that simultane- 
ous changes in the orbits of two electrons within an atom may give 
rise to the radiation of a single sharp line, of frequency determined 
by the whole net energy-change—the atom acting as a whole as a 
radiating agent. ‘The existence of lines such as 1S—1d}, corre- 
sponding to a transition from a state whose properties can be 
explained only if two electrons are displaced to one in which both 
are certainly in their normal positions, affords something approach- 
ing a direct proof. ‘There is, of course, abundant evidence from 
band spectra that this principle applies to molecules, but this is 
believed to be the first evidence of its validity in single atoms. 

To what extent these suggestions will have to be modified when 
the full evidence comes in from the more complex spectra (which 
are evidently full of ‘‘anomalous”’ groups), and how the idea that a 
single line may result from shifts in two electrons at once may be 
reconciled with the principle of correspondence,’ only the future 
can tell. But the event appears to have justified the opinion 
expressed by one of us, that when the spectrum of calcium has 
been analyzed “those features which are new may guide us toward 
the solution of still more complex spectra.’ 

A discussion of the enhanced lines of the alkaline earths is in 
progress. 

5. Remarks on spectroscopic notation—The present state of 
notation for spectroscopic terms is chaotic. Considering first the 
various systems, the use of Roman capitals for singlets, Greek (or 
German) letters for doublets, and Roman lower-case for triplets is 
well-established (though not very logical). But the Roman capitals 
and small letters have recently been used to denote members of 
the sextets and octets in /n, the quintets and septets in Cr and Mo, 
and the septets and quintets in O, the notation in the last two 
cases being opposite, though the spectra are essentially similar in 
structure. 

t The existence of this difficulty has been pointed out to us in conversation by 
Dr. Bohr and Dr. Epstein. The latter has since effected the reconciliation. 


2 F, A. Saunders, op. cit., 52, 265, 1920. 
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Passing to the series, those with k=1, 2, and 3 are everywhere 
called s, p, d; but for k=4, f is used in England and 6 in Germany 
(though the series is not “‘fundamental,”’ and it is debatable whether 
Bergmann was the first to discover it). For k=5 and 6, Paschen 
used b’ and b”; but the notation f, g, h, i, for k=4, 5, 6, 7, has 
been adopted by Sommerfeld,’ and may well be preferred. For the 
components of the triplets, Fowler, in his Report, uses px, P2, Ps; 
d, d’, d”; f, f’, f” (the smaller index denoting the term with the 
greater inner-quantum number)! 

The serial numbers of the terms are in the worst state of all. 
Ritz and Sommerfeld, for example, denote the leading terms of the 
four main series in the alkali metals by 10 (formerly 1.50), 27, 36, 
and 4¢; Rydberg and Fowler, by 10, 17, 26, and 3¢; while Bohr’s 
new theory, giving an index equal to the ‘“ total-quantum number,” 
makes these terms 20, 27, 26, 3¢ for Li, 30, 37, 36, 4¢ for Na, and 
so on—terms which, from the spectroscopic standpoint, are indubi- 
tably homologous, having different serial numbers for each element. 

Finally, for the anomalous terms we have Paschen’s use of p’, 
d’, etc.—the same symbol being used to denote terms as obviously 
different as those provisionally called p’ and p” in Tables III and IV. 

A new notation has recently been suggested by Landé, consisting 
of symbols formed entirely from the quantum numbers. Thus the 
Ip,-term for Ca is 33,—the main figure denoting the total-quantum 
number, the exponent the multiplicity (or residual-quantum num- 
ber) r, and the two subscripts the azimuthal and inner-quantum 
numbers, & and /. 

This has theoretical advantages, but, from the spectroscopic 
standpoint, serious defects. The central and most conspicuous 
part of the symbol is Bohr’s total-quantum number. This depends 
on a particular theory of atomic structure, and is therefore subject 
to possible change; and it cannot be assigned at all until both the 
series formulae and the atomic structure have been worked out— 
while the multiplicity, and the azimuthal and inner quanta, are 
given by formal rules, with well-established zero-points, and can 


t Annalen der Physik, 73, 213, 1924, following a suggestion of Hansen, Takamine, 
and Weiner, who, however, use 0, e, f, g,...., for k=4, 5, 6, 7, ... . (Danish 
Academy, Math.-Phys. Medd., 5, 3, 1924). 
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be determined from the Zeeman effect for a single multiplet-—nay, 
a single line. 

What is more serious, the grouping by the total-quantum num- 
ber brings together lines belonging to various series and systems 
which have practically nothing in common, and separates the 
undoubtedly homologous lines of similar elements, such as those 
listed above in Ca, Sr, and Ba, since Bohr’s theory assigns different 
total-quantum numbers to the corresponding orbits. 

Finally, it is hard to see how any place can be found in this 
notation for the anomalous terms. 

It is to be hoped-—and anticipated—that a satisfactory system 
of notation will soon be devised, and generally adopted either by 
formal action or by common consent. 

As a contribution toward the construction of such a notation, 
the following tentative scheme has grown out of informal discussion 
among a number of workers in the field.’ 

The series is denoted, as at present, by the letters S, P, D, F, 
G, H, I, . . . . (Roman capitals in all cases); the system, by an 
index at the upper left hand, giving the multiplicity, and the com- 
ponent of a multiple term by a subscript on the right, giving the 
inner-quantum number. (The upper right hand is reserved for the 
indices denoting the “anomalous” terms (P’, P’”,... .). Finally, 
the serial number is denoted, as at present, by an integer prefixed to 
the main symbol. 

In the case of singlet terms, both upper and lower indices (sys- 
tem and inner quantum) may be dropped, writing 2D instead of 
2™D,. The inner-quantum subscript may also be dropped, as at 
present, when the components of a term are too close to resolve 
(as in the *D-series of magnesium). 

Thus in the calcium spectrum, \ 4454.7 would be denoted by 
1 3P,—2 3D;, A 4098.5 by 1 3D;—4 °F, 4 4318.6 by 1 3P,—1 3Pi, 
A 5270.3 by 1 3D;—1 3P2’, 4226.7 by 1S—1P, and 6572.8 by 
1S—1 3P,. 

In favor of this notation, it may be remarked that: 

1. Place is provided for terms of all types (both regular and 
anomalous) which have so far been recognized. 


t Including Messrs. Fowler, Meggers, Foote, Kiess, Carroll, and the writers. 
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2. The principal part of the designation of any term depends 
only on those characteristics which can be immediately determined 
from multiplet structure or Zeeman effect, and exhibits these 
explicitly. 

3. The series relation of the terms is most emphasized, and next 
to this the system. It is simpler to write of SP-terms (read ‘quintet 
P-terms’’) than of m}-terms. 

4. The serial number is left easy to change (which in the present 
state of things is an advantage). 

5. The new symbols are easy to write and cheap to print. The 
latter consideration explains why the system-index is put at the 
left hand instead of the right, above the subscript (which makes 
typesetting more troublesome). Greek letters, which are always 
costly to print, are dropped. 

6. The existing notation is relatively little altered. ‘The change 
of the subscripts to correspond to the inner-quantum number 
appears so desirable that an exception was made in this case. 

It may be added that the proposed notation is suggested for 
spectroscopic use, without prejudice to that of the Bohr-Landé 
system when dealing with atomic structure. It may, indeed, be 
regarded as a formal shorthand for the latter, used to save time and 
printing. 

With respect to the serial numbers, however, the authors wish 
to express an emphatic opinion that it is highly desirable that, for 
spectroscopic purposes, obviously homologous terms, in similar 
spectra, should be assigned the same serial numbers. The arc 
spectra of the alkalies, the alkaline earths, and the aluminium 
group abound with such homologies, and they are already being 
found in several other groups, as the analysis of these progresses— 
in Cr and Mo, for example. Even more striking cases are afforded 
by spectra such as Na, Mgt, Al**, and Si+*+*, which are extraor- 
dinarily similar.’ A notation which obscures these relationships 
simply “darkens counsel.” 

It is not always easy to assign the serial number, even if the 
series itself is well known. ‘Theoretically, the “residual’’ or “‘quan- 
tum defect’’ should always be negative, but it may greatly exceed 


' Fowler, Proceedings of the Royal Society, A, 103, 425, 1923. 
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unity. For the ‘‘hydrogen-like” f- and g-terms, it is numerically 
small, and numeration is simple; but this is unusual. In those 
series which are not representable by a Ritz formula (like some in 
calcium), Wentzel has recently shown' that the quantum defect 
may change abruptly, by several units, between two consecutive 
terms in the middle of the series. A numeration based on the 
probable quantum numbers would look strange in this case. It 
might be a good rule, for spectroscopic purposes, to give the serial 
numbers the smallest values consistent with making all the residuals 
negative throughout each group of similar spectra; but further 
discussion of this matter is desirable. 

Recent work on complex spectra has shown? that the distinction 
between the “‘normal” and “anomalous” terms is of fundamental 
importance. Following Laporte, it may be suggested that the 
“normal” terms comprise the lowest energy-level and all which 
combine with this (or with terms combining with it), in accordance 
with the ordinary rule that the change Ak in the azimuth quantum 
is +1. Terms which combine with normal terms, so that Ak=o 
(or +2), are then “anomalous” or ‘‘accented”’ (gestrichen). When 
series formulae have been found, it may appear that some of the 
terms of normal combinatory properties do not fall in with the or- 
dinary series, and are probably related to the anomalous terms. 
Such terms may provisionally be called P’’, F’’, etc., as is done in 
this paper. A complete classification of such cases—including, for 
example, the complexities occurring in neon—must await further 
progress, but the proposed notation appears to be flexible enough 
to admit of the distinction of a great many varieties. 

In spectra like those of iron, scores of terms may be recognized 
and assigned to their proper system and series, although series 
formulae and limits cannot be securely determined. In such cases 
it is suggested that, after the spectrum has been analyzed as fully 
as seems practicable, the terms may be arranged in order of energy- 
content, and J/etlered (with small italic letters), beginning from the 
lowest upward and keeping the normal and abnormal terms sepa- 
rate, eg., @ °F, 05F, c SF ....; a5P’, 63P’.... 3; numbers 

* Zeitschrift fiir Physik, 19, 61, 1923. 

2 Laporte, ibid., 23, 166, 1923; Russell, Science, 59, 512, 1924. 
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being reserved for terms for which a series formula has been found 
(so that numbered and lettered terms may appear in the same 
spectrum). 

When the series limit—or ionization level—can only be found 
inaccurately, if at all, the common convention of measuring all the 
terms from this level becomes inconvenient or impracticable. In 
such cases, some investigators have assigned an arbitrary, and 
plausible, value to some prominent term, and determined the others 
by difference from it—large numerical values corresponding, as 
usual, to low energy-levels. A desirable alternative might be to 
set the zero-level at the /owest term and measure the others upward 
from this. ‘The lowest level is usually easy to identify with the aid 
of the temperature classification of the lines, and the others (usually 
all of them) can be put in by utilizing various combinations. This 
scheme has the advantage that the relative levels of the terms are 
very accurately fixed by the combinations (far more precisely than 
the limits of the series), and that changes in the series formulae and 
computed limits, which on the present scheme demand alterations 
in the numerical values of all the terms in the spectrum, would on the 
new one affect these limits alone. In such cases, the numerical 
values referred to the lowest level might be called “levels” to dis- 
tinguish them from “terms,”’ referred to ionization as a zero-point. 

The notation here presented appears to be capable of handling 
practically everything that has so far been found in spectra which 
have been satisfactorily analyzed. Criticisms, and suggestions for 
its improvement, will be cordially welcomed by the authors. 

PRINCETON UNIVERSITY OBSERVATORY 


JEFFERSON PuHysICAL LABORATORY, HARVARD UNIVERSITY 
October 3, 1924 














ON THE ABERRATION OF LIGHT 
By LEIGH PAGE 
ABSTRACT 
Relativity theory of aberration—Aberration being due entirely to a change in 
velocity of the observer, the annual aberration of a distant star should be expressible 
in terms of the change in velocity of the earth alone, without reference to the inertial 


system of the sun. The following expression for the aberration a—a’ is deduced from 
the relativity theory 


sin Ma-a’)= [1-1 1—B'] sin }(a+a’) , 
where 8 is the ratio of the magnitude of the change in the velocity of the earth to the 
speed of light. The expression is symmetrical in the two observed positions of the star, 
a and a’, the coefficient involving only the change in velocity of the observer and having 
no reference to the system of the sun. 

The problem of the aberration of light coming from a distant 
star to an observer on the earth is essentially a problem in the special 
relativity theory. In spite of the simplicity of the problem, it seems 
to have been treated from a misleading point of view in all the books 
on relativity to which the author has had access. The usual method 
is to compare the system of an observer on the earth with a system 
at rest relative to the sun. The artificial and unnecessary introduc- 
tion of the system of the sun has led to confusion in the minds of 
some, and to the suggestion? that a strict application of the theory 
would require comparison of the system of the earth with that of the 
star from which the light is emitted. Applied in this manner, the 
theory leads to a computed aberration dependent upon the velocity 
of the source relative to the observer, which, in the case of double 
stars, is not at all in agreement with observation. 

The trouble seems to lie in a failure to state correctly the nature 
of the problem. If the earth should remain continually in the same 
inertial system—that is, if its velocity should remain unchanged— 
there would be no observed aberration. Every sufficiently distant 
star, no matter what its motion, would remain in the same position 
in the sky. It is only because the velocity of the earth changes on 
account of the attraction of the sun that a change in apparent posi- 

t See, for instance, H. Weyl, Space, Time, Matter, p. 186; J. Rice, Relativity, p. 63. 

2R. Tomaschek, Annalen der Physik, 74, 137, 1924. 
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tion is noticed. The observed position of a star alters during the 
course of six months because the velocity of the earth at the end of 
this time relative to its state of motion at the beginning is 36 miles a 
second. The two inertial systems to be compared are the system of 
the earth at the time of the first observation of the position of the 
star, and that of the earth at the time of the second observation. 
The introduction of the system of the sun is quite extraneous to the 
problem and only confuses the issue. Needless to say, the motion of 
the star relative to the earth has nothing to do with the problem at 
all, as the velocity of light relative to the observer is independent of 
the motion of the source. 

Consider a star P (Fig. 1), the apparent position of which is ob- 
served from the earth £ at two times /, and ¢,.’ In order that the 
problem shall be one of aberration alone, 
uncomplicated by proper motion, assume | 
that the distance which the star moves | 
relative to the earth in the time #,—/,is_ | 
altogether negligible compared with the | 
distance of the star from the earth. Pro- | 
vided this condition is satisfied, it is im- | 
material what the velocity of the star f£ 
relative to the earth may be, or how it Fic. 1 
may change in the interval of time considered. 

Denote the system of the earth at the time ¢, by S, and that at 
the time /, by S’. Choose axes so that the x-axis has the direction of 
the velocity v of S’ relative to S. Let a be the angle which the ray 
of light arriving at the earth at the time /, makes with the x-axis as 
measured in S, and a’ the corresponding angle at the time ¢, as 


measured in S’. Then the Lorentz transformation gives 

1 008 at B 

— 1+B8 cosa’ 

where 6 stands for the ratio of v to the speed of light c. This may be 
put in the form 








(1—B cos a’)(1+8 cos a)=1—8' , 
or 
cos a—cos a’= —B(1—cosa cosa’). 


t The letters ¢; and f, are merely labels used to identify the two events. 
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In terms of the difference and the sum of the angles a and a’, this 
reduces to a simple quadratic of which the solution is 


sin Ha—a’)= 4 [1-1 1—?| sin} (a+a’) . 


This formula exhibits very clearly the fact that the aberration 
a—a’ is a symmetric function of the angular positions a and a’ at 
the times /, and ¢,, the coefficient involving only the velocity of the 
earth at the time of the second observation relative to the inertial 
system in which it was at rest at the time of the first observation, 
that is, the change in its velocity. While the formulae usually given 
are of course equivalent to this one, they are always stated, so far 
as the author is aware, in terms of the utterly extraneous velocity of 
the earth relative to the system of the sun. 

If 8 is small compared to 1, the formula deduced above reduces to 
the familiar form 


9) 


, . 
a—a=-sina, 
C 


where v is the magnitude of the change in velocity of the earth which 
has occurred in the time ¢,—4,. 
SLOANE Puysics LABORATORY 


YALE UNIVERSITY 
December 22, 1924 
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